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FOREWORD 


This report presents the results of the second phase of the 
program and deals with the application of the collimated pitch- 
catch ultrasonic inspection technique to study certain aspects of 
fracture behavior. 

The work was performed under the management of NASA Project 
Manager Mr. Gordon T. Smith. 

The Martin Marietta Program Manager for the activity was Fred 
R. Schwartzberg. Assisting in the performance of this work were 
Messrs. Richard G. King, Paul H. Todd, Jr., and Charles Toth, Jr. 

For the benefit of technical readers, raw data and reductions 
of original engineering drawings are included in the figures. 
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SUMMARY 


The results of this phase of the experimental program clearly 
demonstrated that the collimated ultrasonic pitch-catch inspection 
technique is a powerful tool that can be used in fracture-related 
studies. Certain behavioral aspects associated with fracture and 
crack extension that cannot be studied using other techniques have 
been evaluated with the ultrasonic method . 

The first part of the effort pertaining to performance char- 
acteristics and optimization of the collimated beam demonstrated 
that beam width could be reduced by at least 50%. Evaluation of 
various collimator designs, combinations, and frequencies showed 
that the combination of a cone collimator and cone receiver was 
the most effective in terms of maximizing signal strength. 

The crack-opening displacement-gage correction-factor study 
showed that displacement resulting from crack opening and that 
from plasticity could be readily differentiated. It was shown 
that there appeared to be a threshold level for the initiation of 
subcritical growth in the three materials evaluated (aluminum, ti- 
tanium, and steel). Plastic displacement of approximately 0.025 
mm (0.001 in.) appeared to be required before subcritical growth 
was found . 

Crack closure studies using both ultrasonic and crack-opening 
displacement measurements showed an opening and closing behavior 
associated with load-unload curves. The results of this work were 
in general agreement with the closure concepts of Elber. Ultrasonic 
measurements showed that changes in crack depth associated with 
loading and unloading occurred at the crack tip and would confirm 
the validity of Elber' s contention of an effective stress intensity 
range . 

Ultrasonic measurements used to study the nature of flaw ex- 
tension characteristics associated with failure of the ligament 
between the flaw front and back surface showed that penetration 
could occur by an abrupt fracturing after subcritical growth or by 
continous growth. Differences in the nature of the process appear 
to be related to the toughness of the materials. 

This program showed that the ultrasonic technique can readily 
be used to study crack growth and fracture-related phenomena in 
surface-flawed specimens with improved accuracy. Some of these mea- 
surements could not be made in any other way. The technique is 
particularly valuable in studies of flaw-front phenomena. Although 
the value of the crack-opening displacement gage has been criticized 
because it only measures surface compliance, the results of our stud- 
ies show that a high-sensitivity gage can provide reliable informa- 
tion in many types of studies. 



INTRODUCTION 


The objective of this program was to provide a rational basis 
for selection of proof-test and nondestructive inspection (NDI) 
acceptance criteria for Space Shuttle 2219 aluminum weldments. The 
initial experimental effort (Vol I) consisted of: 

1) Study of crack closure forces that obscure NDI visibility 
as functions of surface roughness and temperature; 

2) Development and verification of experimental procedures 
for preparation of lack-of-fusion-def ect (LFD) weld speci- 
mens with controlled crack geometries and representative 
residual stresses; 

3) Establishment of NDI detection and characterization capa- 
bilities under various loading conditions; 

4) Evaluation of the effects of preloads on crack opening 
and subsequent growth characteristics. 

The effort described in this volume deals with use of an ul- 
trasonic crack detection and characterization technique to study 
certain aspects of crack growth and fracture behavior. 

The first activity in this phase was a study of the perfor- 
mance characteristics and optimization of collimated ultrasonic 
beams . 

After the optimization activity, a study was performed to de- 
termine whether there is a usable correlation between surface- 
flaw depth measurements obtained with conventional clip-on-type 
crack-opening displacement (COD) gages and the collimated pitch- 
catch ultrasonic inspection technique. 

The ultrasonic technique was also used to study crack opening 
and crack closure characteristics of surface-flawed specimens sub- 
ject to cyclic loading. 

Another aspect of fracture behavior studied using the ultra- 
sonic inspection technique was establishment of flaw extension 
characteristics immediately before failure of the ligament be- 
tween the flaw front and the back surface of the specimen. 
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COLLIMATED ULTRASONIC-BEAM 
PERFORMANCE CHARACTERISTICS AND OPTIMIZATION 


The objective of this task was to construct a collimated ul- 
trasonic shear-wave inspection system for delivery to NASA's Lewis 
Research Center at the end of the program and to perform a com- 
prehensive evaluation of the system. The evaluation was intended 
to establish the limitations of the system in terms of flaw dimen- 
sions, study the effects of frequency and beam diameter, determine 
beam energy-profile characteristics for selected collimation tech- 
niques, and to characterize the effects of surface roughness on 
the dispersion of the beam from internal and external surfaces. 

The conventional pitch-catch shear-wave ultrasonic technique 
was modified so that resolution capability for crack detection, 
crack mapping, crack opening, and determination of crack front 
profiles was improved. The basis for this approach is described 
in Volume I. 

The major component of the system was the transducer mounting 
assembly. Ultrasonic fixture design provided for translation in 
three directions and angular adjustment of the two transducer 
housings. The system permitted 5.1-cm (2-in.) traverse in all 
three directions (X, Y, and Z) . A housing and adjustment assem- 
bly for the transducer was attached to the three-axis table sys- 
tem that permitted ready change of transducers having different 
frequencies and for collimators with different apertures. Appendix 
A includes drawings of the transducer assembly. The mounting system 
permitted direct attachment to the upper friction grip of a closed- 
loop servo test machine or to a baseplate for bench-top examina- 
tion. 

Figure 1 is an overall view of the ultrasonic transducer as- 
sembly. After initial use of the ultrasonic apparatus, several 
modifications were made to permit speedier, simpler operation. 

The first change consisted of adding a linear variable differen- 
tial transformer (LVDT) to the Y-axis feed mechanism to permit 
autographic data recording. By using the output signal from the 
Sonatest and the LVDT output, traces of signal amplitude versus 
distance were obtained. The second modification added a rever- 
sible drive motor equipped with drive limit switches to the Y- 
axis . 




Figure 1. - Overall view of ultrasonic system. 


Beam Energy Profiling 

Evaluation of the system was initiated by plotting beam-energy 
profiles in the Fraunhofe and Fresnel zones, as described by 
McElroy (ref. 1), for eight transducers used during the program. 

The plots were a series of autographic records of reflected sound 
amplitude as the transducer was traversed across a reflector at a 
specified distance from the reflecting surface. A 3.2-mm (1/8-in.) 
diameter steel ball was used as the reflector. Figure 2 is a block 
diagram of the profiling scheme. The first series was without 
collimation. Table I summarizes individual transducer beam char- 
acteristics and presents the optimum transducer-to-ref lector dis- 
tance and associated beam width measured -6 dB from maximum ampli- 
tude. As anticipated, the reflection distance for maximum- ampli- 
tude signal increased with increasing frequency. The distance 
increased from approximately 32 mm (1.25 in.) at 2.5 MHz to more 
than 100 mm (4 in.) at 15 MHz. Beam widths were approximately 2.5 mm 
(0.1 in.). Figure 3 is a typical original data plot. 

A second series used a 1.93-mm (0.076 in.) diameter exit-aper- 
ture Teflon cone-type collimator in front of each transducer. 

Figure 4 gives the specifications for two types of collimators. 

The data in table II summarize the results of this series of tests. 
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Figure 2. - Block diagram of sound-beam profiling 
system using ultrasonic pulse-echo. 


TABLE I. - TRANSDUCER BEAM CHARACTERISTICS 



Peak 

Sonatest 

Distance for 

Beam width at 

Serial 

frequency. 

gain setting, 

max amplitude, 

-6 

dB, 

no . 

MHz 

dB 

Y + / 2 
o / 

* 

9 






min 

(in.) 

mm 

(in.) 

M1210 

2.25 

45 



2.54 

(0.100) 

M1211 

2.6 

45 


V w 

2.44 

(0.096) 

M1212 

4.9 

59 

57 


2.44 

(0.096) 

M1213 

4.8 

59 

57 


2.39 

(0.094) 

M1214 

9.2 

65 

102 

(4.0) 

2.16 

(0.085) 

M1215 

10.0 

65 

102 

(4.0) 

2.29 

(0.090) 

M1216 

14.8 

80 

114 

(4.5) 

2.46 

(0.097) 

M1217 

13.2 

80 

102 

(4.0) 

2.59 

(0.102) 

* Transducer-to-reflector distance 
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Figure 4. - Specifications for ultrasonic collimators. 
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TABLE II. - TRANSDUCER BEAM CHARACTERISTICS WITH 1.9 3 -mm (0.076-in.) 
DIAMETER APERTURE TEFLON COLLIMATOR 


Serial 
no . 

Peak 

frequency, 

MHz 

Sonatest 

gain 

setting, 

dB 

Distance foi 
sii 

: max- 
*nal 

amplitude 

Beam width at 
-6 dB 

Collimator 

to 

reflector 

Transducer 

to 

reflector 

mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

M1210 

2.25 

61 

0.25 

(0.01) 

28.7 

(1.13) 

1.42 

(0.056) 

M1211 

2.6 

61 

0.25 

(0.01) 

28.7 

(1.13) 

1.42 

(0.056) 

M1212 

4.9 

62 

0.25 

(0.01) 

28.7 

(1.13) 

1.12 

(0.044) 

M1213 

4.8 

62 

0.25 

(0.01) 

28.7 

(1.13) 

1.12 

(0.044) 

M1214 

9.2 

57 

0.25 

(0.01) 

28.7 

(1.13) 

0.64 

(0.025) 

M1215 

10.0 

57 

0.25 

(0.01) 

28.7 

(1.13) 

0.64 

(0.025) 

M1216 

14.8 

68 

0.51 

(0.02) 

33.5 

(1.32) 

0.51 

(0.020) 

M1217 

13.2 

68 

1.25 

(0.05) 

29.7 

(1.17) 

0.51 

(0.020) 


The reflection distance for maximum amplitude was found to be in- 
dependent of frequency and similar to that observed for the uncolli- 
mated transducers at 2.5 MHz. The beam width was greatly reduced 
from that of the uncollimated tests. Beam width decreased with 
increasing frequency. At 2.5 MHz, the beam width was approximately 
one-half of the uncollimated beam at 15 MHz; the width was approxi- 
mately one-fifth of the uncollimated beam. At the higher frequency, 
the gain required to achieve maximum amplitude was lower than that 
required for an uncollimated beam. Figure 5 shows an original 
beam-profile series for a typical collimated signal. 

As a result of these observations of the effect of frequency, 
investigations of other collimator designs used a 13.2-MHz trans- 
ducer. Table III summarizes the results of collimator design 
studies. It was noted that, as aperture exit size increased for 
cone-shaped collimators, the exit-to-ref lector distance for maxi- 

“T“ 

mum (Y H)*, increased. For straight collimators, Y was 

- 4 - ^ 

greater when collimators were used; however, the Y distance was 
always reduced when using collimation. 


* Y q was defined as the axial position of the maximum value of the 

beam energy pattern as follows: 

Y + Z a 2 /X 
o 

where: a = radius of aperture 

g = wavelength of sound medium. 
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Figure 5. - Typical data plot for collimated ultrasonic beam 






TABLE III. - COLLIMATOR GEOMETRY CHARACTERISTICS AT 13.2 MHz 


Collimator* 

Sonatest 
gain 
setting , 
dB 

Maximum 
amplitude 
for plot 
series , 

Distance for 
maximum 
amplitude, + 

Y o + / 2 ’ 

_ 

Beam 
at - 

width 
6 dB, 

Type 

Aperture 

diameter, 

mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

Straight 

0.97 

(0.038) 

80 

56 

(2.20) 

wm 


EE] 

(0.017) 


1.37 

(0.054) 

79 

116 

(4.55) 

Km 

(0.05) 

wm 

(0.020) 



(0.079) 

74 

109 

(4.31) 

0.25 


0.81 

(0.032) 


2.97 

(0.117) 

69 

98 

(3.85) 

0.25 


0.89 

(0.035) 

Cone 

0.97 

(0.038) 

80 


(4.45) 

0.25 


0.71 

(0.028) 


1.45 

(0.057) 

69 


(4.50) 

0.25 


0.51 

(0.020) 


1.93 

(0.076) 

67 


(5.25) 

1.27 

(0.05) 

0.51 

(0.020) 


2.06 

(0.081) 

69 

1 |pf 

(4.65) 

1.27 

(0.05) 

0.51 

(0.020) 


2.92 

(0.115) 

69 

116 

(4.55) 

10.2 

(0.40) 

0.69 

(0.027) 


3.78 

(0.149) 

69 

124 

(4.90) 

16.5 

(0.65) 

0.76 

(0.030) 


5.05 

(0.199) 

69 

104 

(4.10) 

24.1 

(0.95) 

0.91 

(0.036) 


6.25 

(0.246) 

69 

114 

(4.50) 

41.9 

(1.65) 

1.09 

(0.043) 

No collimator 

80 

108 

(4.25) 

10.2 

(4.00) 

2.59 

(0.102) 


* 25.4-mm Cl-in.) long Teflon. 

t Distance from collimator exit to reflector transducer M1217 . 


Collimation effects at 2.6 MHz were studied with some of the 
collimators evaluated at 13.2 MHz. Table IV summarizes the re- 
sults. Note that some collimators used successfully at the higher 
frequency could not provide enough energy to result in a detect- 
able reflected signal. Maximum amplitude values were also lower 
and beam widths greater. 


Beam energy profiles for a focus-type transudcer were made with 
and without collimation. The focus-type transducer exhibits a high 
energy profile with a small beam width. A significant variation in 

X+jl distance was accomplished with only modest variation in sig- 
nal amplitude. Collimating the focus transducer did not signifi- 
cantly affect performance. Although the maximum-amplitude signal 
was slightly higher for the collimated case, higher gain was re- 


quired to achieve this level. The Y ^ + jl distances were actually 

comparable because collimator length should be considered. Beam 
widths were comparable. The focus transducer appeared very promis- 
ing for this type of work; however, collimation techniques provided 
similar results. Table V summarizes the data. 
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TABLE IV. - COLLIMATOR GEOMETRY CHARACTERISTICS AT 2.6 MHz 


Collimator* 

Sonatest 

gain 

setting, 

dB 

Maximum 
amplitude 
for plot 
series , 

Distance for 
maximum 
amplitude,! 

Y o + / 2 ’ 

Beam width 
at -6 dB, 

Type 

Aperture 

diameter, 

mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

Straight 


(0.054) 

(0.079) 

El 

Sig 

79 

nal from 
(3.11) 


ectahle 

1.24 

(0.049) 

Cone 


(0.038) 

(0.057) 

(0.076) 

80 

76 

61 


al from 
(3.95) 
(4.56) 

reflect 

0.25 

0.25 

or undete 
(0.01) 
(0.01) 

ctable 

1.52 

1.42 


No collimator 

45 

129 

(5.07) 

31.8 

1.25 

2.44 

(0.096) 

* 25.4-mm (_l-in.) long Teflon. 

t Distance from collimator exit to reflector transducer M1217. 


TABLE V. - FOCUS TRANSDUCER* DATA 


Collimator* 








Type 

Aperture 

diameter. 

Sonatest 

gain 

Maximum 

amplitude 

Distance for 
maximum 

Beam 
at - 

width 
6 dB, 


mm 

(in.) 

setting, 

dB 

for plot 
series , 

amplitude , t 
Y + / 2, 

mm 

(in.) 





mm 

(in.) 

o 

/ 








mm 

(in.) 



None 



35 

8.2 

(3.22) 

37.18 

(1.25)+ 

0.61 

(0.024) 

Cone 

1.93 

(0.076) 

47 

14.0 

(5.50) 

0.25 

(0.01) 

0.81 



(0.032) 


* N128, focus type, 10.5-MHz peak frequency. 
** 25.4-mm (1-in.) long Teflon. 

•+ Transducer to reflector. 
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A series of profiles was made using a collimator that was much 
longer and contained a smaller cone angle than the collimators pre- 
viously described. This collimator (fig. 6) approximated that des- 
cribed for an acoustic conical horn and was governed by the follow- 
ing equation (ref. 2): 


S = 


S 

o 



2 


where: S = the area of the entrance (large end), 


S = the area of the exit (small end) , 
o 

x = the entrance-to-exit distance. 


x = the exit-to-cone-apex distance, 
o 

Data generated for this design were limited but showed that ampli- 
tude increased with decreasing Y + /2 distance. No maximum value was 

o 

obtained. High amplitude values were obtained with a significant 

variation in Y + /2 distance. Table VI summarizes the data, 
o 


Up to this point data presented dealt with the pulse-echo mode 
of operation in which a single transducer and collimator were used 
for both transmitting and receiving. The following discussion de- 
scribes evaluation of the pitch-catch mode. Based on pulse-echo 
data, an aperture value of 2.9 mm (0.115 in.) was selected to give 

a Y^ + value consistent with the requirements of inspecting thin- 

gage materials in the pitch-catch mode. Profiles were made for 
the four combinations of straight and cone collimators at the col- 


limator-to-reflector distance 


Y + /2 
o 


of 10 mm (0.4 in.) using 


transducers in the range of 13 to 15 MHz. Distance was optimum 
for the 25.4-mm (1-in.) long cone with the 2.9-mm (0.115-in.) ap- 
erture, but not for the straight collimator. The data showed that 
maximum signal amplitude and minimum beam widths (measured at -6 
dB) were obtained using the cone-shaped collimators to both trans- 
mit and receive. The beam width [0.81 mm (0.032.)] was in close 
agreement with that shown for pulse-echo data. Figure 7 gives the 
data for the four combinations. For a given travel distance, the 
cone-cone combination resulted in the highest signal amplitude. 

The following table gives the ranking in order of decreasing maxi- 
mum amplitude. 
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Note: Dimensions in inches. 


Figure 6. - Sketch of long cone. 
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TABLE VI. - ACOUSTIC CONICAL -HORN COLLIMATOR* DATA 



Sonatest 

Max amplitude 

Distance for 

Beam width at 


gain 

for 

plot 

max amplitude, 

-6 

dB, 

Frequency, 

setting, dB 

series , 

Y + /l 




MHz 




o / 






mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

13.2 + 

65 

116 

(4.55) 

0 

(0) 

0.86 

(0.034) 

2.6§ 

55 

116 

(4.57) 

0 

(0) 

1.52 

(0.060) 


* 96-mm (3.77-in.) long cone, 9.3-mm (0.366-in.) entrance aperture, 
2.7-mm (0.108-in.) exit aperture, 
t Transducer M1217. 

§ Transducer M1211 . 
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Figure 7. - Data from evaluation of collimator combinations 
































Order 

Collimator type 

Relative 

amplitude 

Transmit 

Receive 

1 

Cone 

Cone 

1.00 

2 

Cone 

Straight 

0.88 

3 

Straight 

Cone 

0.76 

4 

Straight 

Straight 

0.59 


Surface Roughness Effects 


The effect of surface roughness on the ultrasonic signal was 
evaluated to determine the worst-case conditions that could be 
tolerated without danger of disguising defects. 

Panels of 2219-T87 and 4340 steel 0.64-mm (0.25-in.) thick 
were machined to obtain varying degrees of surface roughness. 
Aluminum specimens were machined using a milling machine and fly 
cutter. Steel specimens were machined with a single-point fly 
cutter or surface ground. Surface finish readings were taken 
with a Gould surf-indicator model 21-1350, which provides an 
arithmetic average over the sampling distance. Table VII gives 
data for both alloys. 

Ultrasonic measurements were made by traversing part of the 
specimen [approximately 30 mm (1.2 in.)] using a 23° incident 
angle and the pitch-catch technique. The front surface of the 
panel was used as the reflector. A 25-mm (1-in.) cone colli- 
mator with a 2.9-mm (0.115-in.) aperture was placed in front of 
the 14.8-MHz transmitter and a 25-mm (1-in.) straight collimator 
with a 3-mm (0.117-in.) aperture was used with the receiving 
transducer (13.2 MHz) . A total travel distance of 20 mm (0.8 in.) 
was used. 

Test results for front-face reflections showed that reflected- 
signal amplitude was sensitive to the degree of roughness. Am- 
plitude variation increased with increasing roughness. For rough- 
ness values from 610 to 3048 nm (24 to 120 in.) rms in aluminum 
and from 254 to 3175 nm (10 to 125 yin.) rms in steel, traces were 
relatively flat. However, even for the highest roughness levels, 
the effect on the amplitude was minor compared to that produced 
by the presence of a defect. Figures 8 and 9 present the data 
for aluminum and steel, respectively. 

The combination of parameters used for front-surface reflec- 
tions was not satisfactory for back-surface reflections. To main- 
tain the travel distance and incident angle, collimators with 
apertures of approximately 5 mm (0.2 in.) were used. Results 
were similar to those found from front-surface reflections (fig. 

10 and 11). 
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TABLE VII. - SURFACE ROUGHNESS DATA 


Surface 


Aluminum 


Surface roughness, arithmetic average, nm (pin.) 


Specimen number 


2 

3 

610 (24) 
610 (24) 

610* (24*) 
610* C24*) 

305 (12) 
305 (12) 

305 (12) 

3175 (125) 


5 

6 

1143 (45) 
1397 (55) 

1905 (75) 
1905 (75) 

3810 (150) 
3810 (150) 

3810 (150) 
5715 (225) 


8 

9 

10 

3048 (120) 
3048 (120) 

6350 (250) 
6350 (250) 

6731 (285) 
7320 (300) 


* As-rolled surfaces. 
































Figure 8. - Effect of roughness on ultrasonic reflections from front surface of aluminum. 





Roughness 
of reflecting 
surface. 

Maximum 
Maximum 
ampl itude, 

Gain, 

nm (uin.) 

cm (in.) 

dB 


S-l 254 (10) 10.9 (4.3) 45 
S-2 305 (12) 11.2. (4.4) 45 

S-3 3175 (125) 10.7 (4.2) 45 
S-4 3556 (140) 10.7 (4.2) 47 
S-4 3810 (150) 10.9 (4.3) 45 







\ . ,rv 




Tv /f\ 


T\W 


,r r x 


S-7 4445 (175) 11.2 (4.4) 46 ^ 


\\ T' / 

/ > 

— V " _ ' \ ■ 


S-8 5715 (225) 11.2 (4.4) 46 






S-8 6350 (250) 10.7 (4.2) 47 


Figure 9. - Effect of roughness on ultrasonic reflections from front surface of steel 






jcimen 

no. 

Roughness 
of reflecting 
surface, 

nm (yin.) 

Maximum 
ampl itude, 

cm (in.) 

Gail 

dB 

A- 3 

610 (24) 

11.4 (4.5) 

72 

A- 4 

610 (24) 

11.2 (4.4) 

70 

A- 5 

1143 (45) 

10.9 (4.3) 

70 

A- 5 

1397 (55) 

11.2 (4.4) 

70 

A-6 

1905 (75) 

11.7 (4.6) 

72 

A- 7 

2921 (115) 

11.2 (4.4) 

72 

A-8 

3048 (120) 

11.2 (4.4) 

72 

A- 7 

5588 (220) 

11.4 (4.5) 

73 

A- 9 

5350 (250) 

11.2 (4.4) 

74 

A-10 

6731 (265) 

11.2 (4.4) 

77 

A- 10 

7320 (300) 

11.2 (4.4) 

77 


Figure 10. - Effect of roughness 


on ultrasonic reflections from back surface of aluminum. 


vO 




N) 

O 



Maximum 
amp! itude 


Roughness 
of reflecting 
surface, 

nm (yin.) 


Specimen 

no. 


S-3 I ■ 
(center) 


Figure 11. - Effect of roughness on ultrasonic reflections from back surface of steel. 


Collimated-Beam Effectiveness 


The final part of this task was to determine the effectiveness 
of the collimated-beam technique to sense the shape and location 
of small flaws in thin materials. Three specimens were fabrica- 
ted with three small EDM flaws. Table VIII gives the geometry 
of the specimens and flaws. 

Using the pitch-catch method, all flaws were monitored by 
traversing across the defect (perpendicular to the 2C direction) . 
Starting at the center of the flaws, successive scans were made 
at 0.13-mm (0.005-in.) intervals from the center of the flaw to 
the edge. 

The scans revealed that the smallest defect was readily dis- 
cernible. Although the beam diameter was significantly greater 
than the defect size, the defect was well defined in the scan 
plot . 


Figure 12 shows original plots for the three defects in the 
titanium alloy. The trace showing the greatest loss of signal 
strength (or largest dip) is that made by traversing the center 
of the flaw. The succeeding plot made by traversing at a small 
interval parallel to the first traverse shows a decreasing loss 
of signal strength and decreasing width of the affected area. The 
width of the dip and degree of loss of signal indicated the size 
of the defect. Because the beam was so large compared to the 
size of the defect, quantitative measurement of defect size could 
not be readily made. Comparison of the relative width of the 
largest dip was found to be an indicator of the size of the de- 
fect. The ratio of the width to the defect area was relatively 
constant. Figure 13 illustrates the data obtained. 

Results for the two thicknesses of aluminum clearly show that 
a defect as small as 0.25 mm (0.01 in.) deep can be readily de- 
tected (fig. 14 and 15). To determine reproducibility of results, 
plots for the thicker-gage aluminum were repeated. The plots 
in figure 16 have the same width measurements as the first series 
and show excellent agreement . 

Very small defects were shown to be readily detectable using 
the collimated ultrasonic pitch-catch technique. Because of the 
large ratio of beam width to defect size, direct determination 
of actual defect size from plotted data is difficult. However, 
through the use of standard defects, the size of an unknown de- 
fect can be readily estimated. 


TABLE VIII. - SPECIMEN GEOMETRY DATA FOR BEAM EFFECTIVENESS STUDY 



Thickness 

Alloy 

mm 

(in.) 

Titanium 

1.27 

(0.050) 

Aluminum 

0.81 

(0.032) 


0.51 

(0.020) 


Flaw geometry 


2C 


(in.) mm 


(in.) 


(0.045) 1.62 CO. 064) 0.9 

(0.040) 1.62 (0.064) 0.8 

(0.030) 1.55 (0.061) 0.6 


CO. 029) 0.84 (0.033) 0.9 

(0.022) 0.84 (0.033) 0.7 

(0.016) 0.84 (0.033) 0.5 

0.46 (0.018) 0.79 (0.031) 0.9 

0.36 (0.014) 0.79 (0.031) 0.7 

0.25 (0.010) 0.79 (0.031) 0.5 
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DETERMINATION OF CRACK-OPENING-DISPLACEMENT 
GAGE CORRECTION FACTORS 


The purpose of the crack-opening-displacement gage correction- 
factor task was to establish the correlation between flaw depth 
measurements obtained using conventional clip-on-type crack-open- 
ing displacement gages and the collimated pitch-catch ultrasonic 
technique, and to determine the nature of the plasticity associ- 
ated with loading. 

The ultrasonic apparatus was installed in a closed-loop servo- 
hydraulic testing machine as shown in figure 17. A large clear 
plastic container housed the water used as an ultrasonic transfer 
medium. The test specimen was pin loaded at one end and friction 
gripped at the other. Figure 18 gives the specifications for the 
test specimen. 

To obtain crack-opening displacement (COD) data without the 
normal problems associated with a submersible gage, a watertight 
container was bonded to the specimen to house the COD gage. 

The COD gage was a very short gage-length extensometer using a 
circular beam element. Several different attachment schemes have 
been developed. The simplest type uses needle points and is held 
in place by springs (fig. 19). A second type contains in-plane 
attachment points and is actually clipped into the crack surfaces. 
This gage rests flush with the surface and, like the spring-held 
gage, is sufficiently adherent to function satisfactorily for cyc- 
lic testing. The gages have also been used in cryogenic environ- 
ments, are extremely sensitive to small crack openings, and have 
been demonstrated to be very reproducible. In most applications, 
the gage is used under conditions that give a displacement sensi- 
tivity of approximately 0.0005 cm/cm (0.0005 in. /in.) of chart. 

Figure 20 is a close-up view of the transducers and collima- 
tors and shows the watertight COD gage housing. Table IX gives 
the specifications for transducer adjustments. 

Three materials were evaluated in this task. Thicknesses were 


Alloy 

Thickness, 

cm 

(in.) 

2219-T87 aluminum 

0.64 

(0.25) 

6A£-4V titanium 

0.32 

(0.125) 

4130 steel 

0.32 

(0.125) 


Surface-flaw specimens were prepared with aspect ratios vary- 
ing from 0.20 to 0.50. Three sets were prepared and evaluated for 
each alloy. The first contained only an electrodischarge-machined 
(EDM) flaw and was used primarily for calibration. The second 









Figure 20. - Close-up view showing transducers, collimators, 
and COD gage housing. 
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TABLE XI. - SPECIFICATIONS FOR TRANSDUCER 
ADJUSTMENTS* 


Material 

Thickness, 

Transducer 

inclination,! 

deg 

Resultant 

Distance between 


cm 

(in.) 

shear 

angle, deg 

transducer 
mounting blocks, 






cm 

(in.) 

2219-T87 

aluminum 

0.64 

(0.25) 

25 

61.6 

2.01 

(0.79) 

6A&-4V 

titanium 

0.32 

(0.125) 

25 

62.3 

1.04 

(0.41) 

4130 

steel 

0.32 

(0.125) 

23.5 

46.3 

0.79 

(0.31) 


*10-MHz transducer; collimator diameter 0.505 cm (0.199 in.), 
tlncident angle in water. 


series contained a fatigue-sharpened flaw and was evaluated at 
stress levels up to 0.60 a . We expected that this series would 

not exhibit subcritical growtn and would be used for additional 
calibration points. The third series also contained a fatigue- 
sharpened flaw but was loaded to levels that developed plastic 
deformation and, frequently, subcritical growth. 

Several ultrasonic plots were made of the electrodischarge- 
machined defects at zero load. Data reduction techniques that 
would be required to obtain a map from these data would be pro- 
hibitively expensive. Figure 21 shows a typical data plot. This 
plot of ultrasonic amplitude versus distance requires determin- 
ation of the location at which an arbitrary loss of ultrasonic 
signal strength occurs. A technique similar to C-scanning was 
selected so that the amount of data reduction required to obtain 
a flaw map would be minimized. Figure 22 is a map obtained in 
this manner. Before making a map, an amplitude scan was perfor- 
med to obtain the signal-strength limits associated with the sur- 
face and complete signal loss. The gate level on the instrument 
was then set at a 50% loss of signal. The map was then prepared 
by traversing the ultrasonic transducers in a direction normal to 
the flaw. When the signal dropped to the gate level, the pen was 
automatically lifted. At the end of each traverse, the stage was 
advanced 0.64 mm (0.025 in.) and a return traverse made. The re- 
sulting plot gave a symmetrical image of the flaw, with the crack 
width as the axis of symmetry. The plot gives actual width di- 
mensions and projections of the crack depth dimensions. 

Figure 23 illustrates why a symmetrical image was obtained. 

As shown by the schematic diagram, the tip of the defect first 
interrupted the signal reflected from the back surface. As the 
transducer array traversed normal to the plane of the defect, the 










Legend : 

(A) No transmission of signal reflected 
from back surface 

(|) No transmission of direct signal 
Scan width/2 = a (crack depth) x tan e 

Figure 23. - Schematic of ultrasonic path. 

tip of the defect was the last interference to the direct signal. 
Scan width is a trigonometric function of the crack depth; the 
resulting relationship permits ready calculation of crack depth: 
scan width/ 2 = a (crack depth x tan 0). 

Aluminum Data 

Table X summarizes data for the aluminum calibration specimens. 
The table presents data describing flaw size and shape, crack depth 
information determined ultrasonically, and crack-opening displace- 
ment data obtained by loading to 30% and 60% of the yield strength. 
No evidence of subcritical growth was found by fracture surface 
examination after breaking open the specimens after loading to 60% 
of yield strength. Crack-opening displacement curves were sensi- 
tive enough to detect crack opening, as shown by a slightly greater 
slope during the first increment of loading. Curves obtained by 
loading to 30% of yield strength were generally linear, except for 
the initial crack opening. Loading to 60% of yield strength pro- 
duced a very small deviation from linearity. Figure 24 shows typ- 
ical crack-opening displacement curves. 

Compliance calibration curves were obtained by using the data 
from the series described, plus data from initial crack-opening 
displacement measurements taken on specimens that were later loaded 
to exhibit subcritical growth. Figure 25 gives the compliance cal- 
ibration curves obtained. Data are presented as three curves for 
crack shape ratios of 0.5, 0.35, and 0.2. 
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TABLE X. - ALUMINUM CALIBRATION DATA 


Spec imen 

nn . * 


Flaw geometry 


Depth, a, 

Width, 2C, 

a/2C 

a/t 

a/Q 

condition 

level , 

cm 

Cin.) 

cm 

Cin.) 





% a 

ys 

0.203 

(0.080) 

0.584 

(0.230) 

0.35 

0.32 

0.044 

Static 

0 

0.213 

(0.084) 

0.744 

(0.293) 

0.29 

0.34 

0.053 

Static 

0 


1 0. 203 (0.080) 


0.333 (0.131) 


0.351 (0.138) 




0.32 I 0. 06 A 


0.17 


0.813 1(0.320)1 0.41 I 0.52 I 0.064 


0.32 0.55 0.081 


0.19 0.55 


0.55 0.106 



(0.395) 0.47 0.74 0.079 









Static 

Loading 

Static 

Unloading 

Loading 

Static 

Unloading 


Static 


Static 

Loading 

Static 

Unloading 

Loading 

Static 

Unloading 


* AE “ electrodischarge-machined defect. 
AF “ fatigue-sharpened defect. 


Ultrasonic 
scan width, 


cm (in.) 


6.99 (2.75) 


Compliance, 

nm/N 

(pin. /lb) 



Static 

0 

Loading 

0-30 

Static 

30 

Unloading 

30-0 

Loading 

0-60 

Static 

60 

Unloading 

60-0 


14.91 (5.87) 
15.06 (5.93) 

15.06 (5.93) 



( 0 . 100 ) 

( 0 . 101 ) 

( 0 . 101 ) 

(0.103) 


(0.134) 

(0.135) 

(0.136) 

(0.140) 


(0.040) 

(0.040) 

(0.040) 

(0.041) 


Static 

Loading 

Static 

Unloading 

Static 

Loading 

Static 

Unloading 

Static 


Static 

Loading 

Static 

Unloading 

Static 

Loading 

Static 

Unloading 

Static 
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TABLE X. - Concluded 


Specimen 

no.* 

Flaw geometry 

Test 

condition 

Stress 

level, 

X a 

ys 

Ultrasonic 

Compliance, 

Depth, a. 

Width, 2C, 

a/2C 

a/t 

a/Q 

scan 

width , 

nm/X 

(uin. /lb) 

cm 

(In.) 



cm 

(in.) 

AF-4 

0.386 




0.44 

0.61 

0.069 

Static 

0 

10.57 

(4.16) 











Loading 

0-30 



0.354 

(0.062) 









Static 

30 

12.60 

(4.96) 











Unloading 

30-0 



0.354 

(0.062) 









Static 

0 

10.74 

(4.23) 











Loading 

0-60 



0.348 

(0.061) 









Static 

60 

12.93 

(5.09) 











Unloading 

60-0 



0.365 

(0.064) 









Static 

0 

12.37 

(4.87) 



AF-5 

0.460 


1.214 


0.38 

0.72 

0.094 

Static , 

0 

12.62 

(4.97) 











Loading 

0-30 



0.480 

(0.084) 









Static 

30 

14.15 

(5.57) 











Unloading 

30-0 



0.480 

(0.084) 









Static 

0 

12.19 

(4.80) 











Loading 

0-60 



0.480 

(0.084) 









Static 

60 

14.17 

(5.58) 











Unloading 

60-0 



0.502 

(0.088) 









Static 

0 

14.02 

(5.52) 



AF-6 

0.419 

(0.165) 

1.849 

(0.728) 

0.23 

0.66 

0.117 

Static 

0 

12.32 

(4.85) 











Loading 

0-30 



0.600 

(0.105) 









Static 

30 

13.49 

(5.31) 











Unloading 

30-0 



0.611 

(0.107) 









Static 

0 

LI. 96 

(4.71) 











Loading 

0-60 



0.611 

(0.107) 









Static 

60 

13.77 

(5.42) 











Unloading 

60-0 



0.600 

(0.105) 









Static 

0 

L2.95 

(5.10) 



AF-7 

0.523 

(0.206) 

1.095 

(0.431) 

0.48 

0.82 

0.087 

Static 

0 

L5.32 

(6.03) 











Loading 

0-30 



0.463 

(0.081) 









Static 

30 


(6.48) 











Unloading 

30-0 



0.463 

(0.081) 









Static 

0 

EWi:l 

(5.82) 











Loading 

0-60 



0.463 

(0.081) 









Static 

60 


(6.43) 











Unloading 

60-0 



0.474 

(0.083) 









Static 

0 

329 

(6.31) 



AF-8 


(0.212) 

1.438 

(0.566) 



0.117 

Static 

0 

14.86 

(5.85) 











Loading 

0-30 



0.531 

(0.093) 









Static 

30 

15.95 

(6.28) 











Unloading 

30-0 



0.531 

(0.093) 









Static 

0 

14. 73 

(5.80) 











Loading 

0-60 



0.565 

(0.099) 









Static 

60 

16.31 

(6.42) 











Unloading 

60-0 



0.571 










Static 

0 

15.54 

(6.12) 



AF-9 

0.635 

(0.250) 

2.614 

(1.029) 

0.24 

1.0 


Static 

0 

18.34 

(7.22) 











Loading 

0-30 



1.176 

wmsm 









Static 

30 

L8.34 

(7.22) 











Unloading 

30-0 




(0.211) 









Static 

0 













Loading 

0-60 



1.199 

(0.210) 









Static 

60 

19.56 

(7.70) 



1 








Unloading 

60-0 



1.199 

(0.210) 









Static 

0 

18.85 

(7.42) 




* AE - electrodischarge-machines specimens. 


AF =■ fatigue-sharpened defect. 
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Figure 24. - Typical crack-opening displacement curves. 
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The relationship between scan width and crack depth can be 
established as previously shown in figure 23 if the refracted 
shear angle in the material is known. 

Although the ultrasonic apparatus had a scale to permit reading 
the incident angle, the accuracy of such reading was no better 
than ±1°. For the incident angle setting of 25° in water, the 
refracted shear angle should be 61.6°. A calibration curve was 
prepared by plotting the measured flaw depth (a) versus the aver- 
age of the scan widths obtained at 30 and 60% of yield strength 
for each fatigued specimen evaluated and for the unstressed elec- 
trodischarged-machined defects. As shown in figure 26, a differ- 
ent line can be drawn for each of the three groups of specimens. 
Each exnibits the same slope, but different intercepts. The rea- 
son for this behavior was not clear, but the scans were performed 
at different times and by different operators. Agreement was 
very good between the calculated refracted angle (62°) corres- 
ponding to the incident-angle adjustment and that obtained from 
the calibration curves (arc tan 0.51 = 63°). 

A series of specimens was evaluated by loading to high per- 
centages of the yield strength. The intent was to load to 30, 

60, 90, and 100% of yield strength. However, the upper limit was 
adjusted to preclude failure or excessive subcritical growth. 

Table XI summarizes the data. 

Eight of the nine specimens evaluated exhibited subcritical 
growth. As a result of selection of the initial defect and shape 
variations , growth behavior varying from a small amount of uniform 
growth to significant lateral growth or "tunneling" behavior was 
obtained. Table XI shows the geometry of the initial and final 
flaw as well as ultrasonic and crack-open displacement parameters. 

In all cases, we found displacement due to plasticity. As 
shown by the schematic diagram (fig. 27), total displacement meas- 
ured by the extensometer can be considered as the sum of the dis- 
placement associated with the existence of the initial defect, 
displacement caused by crack extension, and displacement caused 
by plastic deformation. Analysis of crack-opening displacement 
curves obtained at higher percentages of the yield strength (more 
than 82%) revealed an interesting relationship between plastic 
deformation and the onset of subcritical growth. For 2219-T87 
aluminum alloy, a threshold plastic deformation of 0.02 to 0.025 
mm (0.0008 to 0.001 in.) was required before subcritical growth 
was observed. The level at which subcritical growth began was 
estimated from crack-opening displacement curves using the scheme 
shown in figure 27. 

Displacement measured at maximum load between the loading and 
unloading curves exceeding 178 run (70 yin.) was considered to re- 
present the beginning of subcritical growth. Figures 28 through 
36 show actual crack-opening displacement curves. 


Crack depth. 


Legend: 


O Overloaded specimens 

O Electrodischarge-machined specimens 

A As-fatigued specimens 







TABLE XI. - SUMMARIZED DATA FOR OVERLOADED ALUMINUM SPECIMENS 


Specimen 

no. 


Depth, a, 


(in.) 






Flaw geometry 


Width, 2C, a/2C a/t 


0.24 0.39 



0.26 0.83 




Test 

condition 


Static 

Loading 

Static 

Unloading 

Loading 

Static 

Unloading 

Loading 

Static 

Unloading 

Loading 

Static 

Unloading 

Static 


Stress 

level, 

X o 


Ultrasonic 
scan width, 


cm ( in . ) 


2.23 


Compliance , 


nm/N (pin. /lb) 


.257 (0.045) 

.257 (0.045) 

.263 (0.046) 




12. 

.57 

(4. 

95) 

15. 

.06 

(5. 

93) 

14. 

.83 

(5. 

.84) 

15. 

.75 

(6. 

,20) 

15. 

.75 

(6. 

.20) 


.565 | 
.594 



Static 

0 

Loading 

0-30 

Static 

30 

Unloading 

30-0 

Loading 

0-60 

Static 

60 

Unloading 

60-0 

Loading 

0-90 

Static 

90 

Unloading 

90-0 

Loading 

0-100 

Static 

100 

Unloading 

100-0 

Static 

0 



.657 | (0.115) 
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TABLE XI. - Continued 



Specimen 
no . 


Depth, a, 


Flaw geometry 


Width, 2C, a/2C a/t 
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TABLE XI. - Concluded. 


Specimen 

no. 


Depth, a. 


(in.) 


A0L-9 0.399 


Flaw geometry 


Width, 2C, 


(in.) 


0.63 0.063 


0.64 0.063 


Test 

condition 

Stress 
level , 

7. a 

ys 

Static 

0 

Loading 

0-30 

Static 

30 

Unloading 

30-0 

Loading 

0-60 

Static 

60 

Unloading 

60-0 

Loading 

0-90 

Static 

90 

Unloading 

90-0 

Loading 

0-98.3 

Static 

98.3 

Unloading 

98.3-0 

Static 

0 


1 Ultrasonic 

scan 

width , 

cm 

(in.) 


Compliance, 


nm/N (pin. /lb) 


No subcritical 
growth 


Displacement 



b ! m u 


Legend : 

m. = 


m = slope of loading 
curve 

m u = slope of initial 
unloading curve 

A = displacement 
due to initial 
crack size 

B = displacement due 
to crack growth 

C = displacement 

due to plasticity 


Subcritical 
9 


Displacement 

Figure 27. - Schematic of components contributing to crack-opening displacement 






























Figure 28. - Crack-opening displacement curves for aluminum-alloy specimen AOL-1. 




Figure 29. - Crack-opening displacement curves for aluminum-alloy specimen AOL-2. 


-P^ 

Ln 






T 


Figure 31. - Crack-opening displacement curves for aluminum-alloy specimen AOL-4. 
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Figure 33. - Crack-opening displacement curves for aluminum-alloy specimen AOL-6. 
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Figure 35. - Crack-opening displacement curves for aluminum-alloy specimen AOL-8 





















Using these data, stress versus crack size was plotted to de- 
termine whether the subcritical growth threshold was well defined. 

As shown in figure 37, a well-defined boundary was obtained. 

The ultrasonic system was found to be extremely sensitive to 
subtleties of crack behavior. The data records clearly show the 
effects of crack opening and closing. These data will be discus- 
sed in the next chapter. The ultrasonic method was particularly 
good at showing changes in flaw shape — particularly the tunneling 
growth commonly associated with proof testing of thin-gage mate- 
rials. 

Table XII compares flaw depth and crack growth data determined 
by the ultrasonic and crack-opening displacement techniques. The 
results show that both techniques give similar accuracy in meas- 
uring flaw depth. For the nine specimens evaluated, average meas- 
urement accuracy was within 4%. Both techniques demonstrated com- 
parable accuracy in determining the change in crack depth (Aa) . 

The principle difference between the two methods was the ability 
of the ultrasonic technique to map the entire flaw front and show 
areas of local growth, such as tunneling, whereas the crack open- 
ing displacement technique might fail to show local growth or 
average it into the value representing growth in the depth (a) 
direction. 

Figures 38 through 42 are flaw maps drawn from the raw data 
for the five specimens that exhibited tunneling, and fractographs 
of the surface. As shown by the comparison of maximum growth in 
table XII, correspondence between the ultrasonic method and visual 
inspection is reasonably good. 

Titanium Data 

Table XIII summarizes test results for the ultrasonic calibra- 
tion. These specimens contained electrodischarged machined flaws. 

A calibration curve of ultrasonic span width versus crack depth 
was prepared using these data points and those obtained from fati- 
gue-sharpened defects after loading to 30 and 60% of yield strength. 
The resultant curve (fig. 43) gives an angle (66°) that agreed 
well with the shear angle (62.3°) resulting from the approximate 
incident-angle setting of 25°. 

Crack-opening displacement compliance calibration curves were 
prepared from data obtained by loading to 30 and 60% of the yield 
strength. Although based on a limited number of data points, the 
compliance curves presented are relatively well defined (fig. 44). 

Behavior similar to that exhibited by the aluminum alloy was 
found. Crack-opening displacement curves show plasticity, but 
show less evidence of subcritical growth than aluminum. Treat- 
ment of the data in a manner similar to that for aluminum showed 
a maximum deformation due to plasticity of 25.4 pm (0.001 in.). 
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TABLE XII 


COMPARISON OF MEASUREMENT TECHNIQUES FOR ALUMINUM 


Specimen 

no. 



Flaw depth. 

a 





Crack growth, 

Aa 


Maximum growth, Ar 

Condition 

Visual 

UT 

COD 

Visual 

UT 

COD 

Visual 

UT 

deg 

mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

mm 

(in.) 

AOL-1 

Initial 

2.49 

(0.098) 

2.54 

(0.100) 

2.44 

(0.092) 















__ 



__ 


Final 

2.62 

(0.103) 

2.62 

(0.103) 

2.54 

(0.100) 

0.13 

(0.005) 

0.05 

(0.002) 

0.10 

(0.004) 

0.13 

(0.005) 

— 

“ 

90 

AOL-2 

Initial 

6.44 

(0.214) 

5.21 

(0.205) 

5.28 

(0.208) 

— 

— 

— 

— 

— 

— 

— 



— 






Final 

5.60 

(0.224) 

5.46 

(0.215) 

5.84 

(0.230) 

0.15 

(0.010) 

0.25 

(0.010) 

0.56 

(0.022) 

1.22 

(0.048) 

1.02 

(0.040) 

10 

AOL-3 

Initial 

4.72 

(0.186) 

4.24 

(0.167) 

4.55 

(0.179) 

— 

— 

— 

— 

— 

— 

— 

— 

— 



— 


Final 

5.25 

(0.207) 

4.39 

(0.173) 

4.85 

(0.191) 

0.53 

(0.021) 

0.15 

(0.006) 

0.30 

(0.012) 

1.42 

(0.056) 

0.89 

(0.035) 

10 

AOL-4 

Initial 

2.39 

(0.094) 

2.26 

(0.089) 

2.51 

(0.099) 

— 

— 

— 

— 

— 

— 

— 

— 








Final 

2.48 

(0.098) 

2.29 

(0.090) 

2.51 

(0.099) 

0.10 

(0.004) 

0.025 

(0.001) 

0 

(0) 

0.10 

(0.004) 

— 

— 

90 

AOL-5 

Initial 

3.78 

(0.149) 

3.73 

(0.147) 

3.78 

(0.149) 

— 

— 

— 

— 

— 

— 

— 


— 

— 

— 


Final 

3.86 

(0.152) 

3.89 

(0.153) 

3.84 

(0.151) 

0.076 

(0.003) 

0.15 

(0.006) 

0.51 

(0.012) 

1.70 

(0.067) 

0.38 

(0.015) 

15 

AOL-6 

Initial 

4.19 

(0.165) 

4.22 

(0.166) 

4.14 

(0.163) 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 


Final 

4.45 

(0.175) 

4.37 

(0.172) 

4.29 

(0.169) 

0.25 

(0.010) 

0.15 

(0.006) 

0.15 

(0.006) 

0.99 

(0.039) 

0.64 

(0.025) 

10 

AOL-7 

Initial 

2.59 

(0.102) 

2.64 

(0.104) 

2.29 

(0.080) 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 


Final 

2.59 

(0.102) 

2.67 

(0.105) 

2.41 

(0.095) 

0 

(0) 

0.025 

(0.001) 

0.13 

(0.005) 

0 

(0) 

— 

— 

90 

AOL-8 

Initial 

3.35 

(0.132) 

3.45 

(0.136) 

3.20 

(0.126) 

— 

— 

— 

—r 

— 

— 

— 

— 

— 






Final 

3.43 

(0.135) 

3.38 

(0.133) 

3.32 

(0.131) 

0.076 

(0.003) 

-0.076 

(-0.003) 

0.13 

(0.005) 

0.076 

(0.003) 

— 

— 

90 

AOL-9 

Initial 

3.99 

(0.157) 

4.17 

(0.164) 

3.78 

(0.149) 

— 

— 

— 

— 

— 



— 

— 








Final 

4.09 

(0.161) 

4.34 

(0.171) 

4.14 

(0.163) 

0.10 

(0.004) 

0.18 

(0.007) 

0.36 

(0.014) 

0.66 

(0.026) 

0.38 

(0.015) 

20 


* $ “ Angle measured from front surface at which maximum crack growth occurred. 


















TABLE XIII. - TITANIUM CALIBRATION DATA 


Specimen 

no.* 

Flaw geometry 

Test 

condition 

Stress 

level, 

% a 

ys 

Ultrasonic 

Depth, a. 

Width, 2C, 

a/2C 

a/t 

a/Q 

scan 

widen , 

cm 

(in. ) 

cm 

(in.) 

cm 

(in.) 


0.089 

(0.035) 

0.384 

(0.151) 

ESI 


0.025 

Static 

0 

2.54 



0.066 

(0.026) 

0.630 

(0.248) 

Eta 

0.21 

0.024 

Static 

0 

2.54 




(0.042) 

0.874 

(0.344) 

0.12 

0.33 

0.037 

Static 

0 

3.61 

(1.42) 

TE-4 

0.076 


0.196 

(0.077) 

0.39 

0.24 

0.015 

Static 

0 

2.29 

(0.90) 

TE-5 

0.114 

(0.045) 

0.297 

(0.117) 

0.38 

0.35 

0.023 

Static 

0 

3.81 

(1.50) 

XE-6 

0.155 

(0.061) 

0.447 

(0.176) 

0.35 

0.48 

0.034 

Static 

0 

4.55 

(1.79) 

TE-7 

0.074 

(0.029) 

0.112 

(0.044) 

0.66 

0.23 

0.012 

Static 

0 


(1.18) 

TE-8 

0.109 

(0.043) 

0.201 

(0.079) 

0.54 

0.34 

0.018 

Static 

0 

m 

(1.30) 

TE-9 

0.142 

(0.056) 

0.216 

(0.085) 

0.66 

0.43 

0.024 

Static 

0 

3.89 

(1.53) 

TE-10 

0.130 

(0.051) 

0.193 

(0.076) 

0.67 

0.40 

0.022 

Static 

0 

3.94 

(1.55) 


* TE = electrodischarge machined defect. 
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Figure 43. 


Scan width. 

Ultrasonic calibration 
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curve for titanium. 


61 






















Crack dep 
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Figure 44. - Compliance calibration curve for titanium 





Figure 45. - Crack-opening displacement curves for titanium-alloy 
specimen TOL-4. 

The portion of the deformation that could be attributed to sub- 
critical growth for plasticity levels of approximately 25.4 pm 
(0.001 in.) were relatively small, typically 200 to 500 nm (70 
to 200 pin.). We concluded that little subcritical growth oc- 
curred at a plastic deformation level of 25.4 pm (0.001 in.). 

No tests were performed at higher plasticity levels. Figures 45 
through 47 present several typical crack-opening displacement 
curves. Examination of the fracture faces confirmed that very 
little subcritical growth had occurred in the depth direction. 
Maximum depth growth was 50.8 pm (0.002 in.). However, tunneling 
growth had occurred. Although of significant magnitude compared 





Figure 46. - Crack-opening displacement curves for 
titanium-alloy specimen TOL-5. 


to aluminum, in some cases this growth was more localized than in 
aluminum. It would therefore be expected to provide less contri- 
bution to crack-opening displacement. Table XIV summarizes data 
for the nine specimens tested. 

Comparison of flaw size and growth data obtained using the 
two evaluation techniques showed that both satisfactorily char- 
acterized behavior (table XV) . Figure 48 is plot of the thres- 
hold for subcritical growth. 
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Figure 47. - Crack-opening displacement curves for 
titanium-alloy specimen TOL-9. 

Figures 49 through 53 show flaw maps and fractographs of five 
specimens that exhibited localized growth. Agreement between 
ultrasonic predictions and actual results is quite good. 






TABLE XIV. - SUMMARIZED DATA FOR OVERLOADED TITANIUM SPECIMENS 


Specimen 

no. 


Depth, a. 


(In.) 


TOL-1 0.109 (0. A3) 



Flaw geometry 


Width, 2C, a/2C a/t a/Q 
cm (in.) 


0.28 



Ultrasonic 
scan width, 


cm ( in . ) 


Compliance , 

nm/N 

(tin. /lb) 


Static 

Loading 

Static 

Unloading 

Static 

Loading 

Static 

Unloading 

Static 

Loading 

Static 

Unloading 

Static 

Loading 


Static 

0 


Loading 

0-30 


Static 

30 


Unloading 

30-0 


Static 

0 


Loading 

0-60 


Static 

60 


Unloading 

60-0 


Static 

0 


Loading 

0-75 




0.33 0.084 Static 

Loading 
Static 
Unloading 
Static 
Loading 
Static 
Unloading 

0.78 0.063 Static 


0 

0-30 

6.60 

(2.60) 

30 

30-0 

8.10 

(3.19) 

0 

0-52 

6.83 

(2.69) 

52 

52-0 

8.18 

(3.22) 

0 

8.31 

(3.27) 


(0.028) 

(0.028) 

(0.028) 


3.30 (1.30) 


0.166 

(0.029) 

3.02 (1.19) 


0.177 

(0.031) 

3.68 (1.45) 


Fractured 0.183 

(0.032) 
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TABLE XIV. - Continued 


Specimen 

no. 




Flaw geometry 


Depth, a. 

Width, 2C, 

| cm 

(in.) 

cm 

(in.) 1 







0.43 0.45 0.027 


0.44 0.46 0.027 


0 . 36 0.57 


Test 

condition 

Stress 

level, 

X o 

ys 

Static 

0 

Loading 

0-30 

Static 

30 

Unloading 

30-0 

Static 

0 

Loading 

0-60 

Static 

60 

Unloading 

60-0 

Static 

0 

Loading 

0-90 

Static 

90 

Unloading 

90-0 

Static 

0 


Ultrasonic 
scan width. 


cm ( in . ) 


Compliance , 


nm/N (pin. /lb) 




5.38* 

(2.12)* 

5.38* 

(2.12)* 

6.12* 

(2.41)* 

4.32 

(1.70) 


0.37 | 0.59 




Static 

Loading 

Static 

Unloading 

Static 

Loading 

Static 

Unloading 

Static 

Loading 

Static 

Unloading 

Static 


0 

0-30 

4.65 

(1.83) 

30 

30-0 

5.59 

(2.20) 

0 

0-60 

4.80 

(1.89) 

60 

60-0 

5.84 

(2.30) 

0 

5.49 

(2.16) 


(0.059) 

(0.059) 






0.086 (0.015) 
0.086 (0.015) 
0.086 (0.015) 
0.086 (0.015) 





* Air in transducer housing 
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TABLE XIV 


Concluded 


Specimen 
no . 

Flaw geometry 

Test 

condition 

Stress 
level , 

% a 

ys 

Ultrasonic 
scan width. 

Com| 

>liance , 

Depth, a, 

Width, 2C, 

a/2C 

a/t 

a/Q 

nm/N 

(pin . /lb) 

cm 

(in.) 

era 

(in.) 

cm 

(in.) 

TOL-9 

0.175 

(0.069) 

0.356 

(0.140) 

0.49 

0.53 

0.029 

Static 

0 

3.78 

(1.49) 











Loading 

0-30 



0.263 

(0.046) 









Static 

30 

5. 33 

(2.10) 











Unloading 

30-0 



0.263 

(0.046) 









Static 

0 

3.73 

(1.47) 











Loading 

0-60 



0.251 

(0.044) 









Static 

60 

5.33 

(2.10) 











Unloading 

60-0 



0.251 

(0.044) 









Static 

0 

5.11 

(2.01) 











Loading 

0-87 



0.251 

(0.044) 









Static 

87 

5.64 

(2.22) 











Unloading 

87-0 



0.286 

(0.050) 


0.180 

(0.071) 

0.356 

(0.140) 

0.51 

0.55 

0.030 

Static 

0 

5.46 

(2.15) 




TABLE XV. - COMPARISON OF MEASUREMENT TECHNIQUES FOR TITANIUM 




Flaw depth, a 



Crack 

growth, Aa 


Maximum growth. 

Ar 



Specimen 

no. 


Visual 

UT 

COD 

Visual 

UT 

COD 

Visual 

UT 


Condition 

cm 

(in.) 

cm 

(in.) 

cm 

(in.) 

cm 

(in.) 

cm 

(in.) 

cm 

(in.) 

cm 

(in.) 

cm 

(in. ) 

deg 

TOL-1 

Initial 

Final 

0.109 

* 

(0.043) 

* 

0.099 

(0.039) 

0.109 

(0.043) 

— 

-- 

- 

— 

— 

— 

— 

— 

— 

— 

— 

TOL-2 

Initial 

Final 

0.168 

* 

(0.066) 

* 

0.180 

(0.071) 

0.168 

(0.066) 

— 

— 

~ 

— 

— 

— 

— 

— 

— 

— 

— 

T0t-3 

Initial 

Final 

0.244 

0.246 

(0.096) 

(0.097) 

0.241 

0.246 

(0.095) 

(0.097) 

0.244 

0.246 

(0.096) 

(0.097) 

0.0025 

(0.001) 

0.005 

(0.002) 

0.0025 

(0.001) 

0.066 

(0.026) 

0.048 

(0.19) 

15 

TOL-4 

Initial 

Final 

0.087 

0.090 

(0.0345) 

(0.0355) 

0.099 

0.107 

(0.039) 

(0.042) 

0.097 

0.102 

(0.038) 

(0.040) 

0.0025 

(0.001) 

0.008 

(0.003) 

0.005 

(0.002) 

0.043 

(0.017) 

0.020 

(0.008) 

30 

TOL-5 

Initial 

Final 

0.147 

0.152 

(0.058) 

(0.060) 

0.150 

t 

(0.059) 

t 

0.142 

0.147 

(0.056) 

(0.058) 

0.005 

(0.002) 

t 

t 

0.005 

(0.002) 

0.025 

(0.010) 

— 



30 

TOL-6 

Initial 

Final 

0.185 

0.191 

(0.073) 

(0.075) 

0.170 

0.178 

(0.067) 

(0.070) 

0.198 

0.208 

(0.078) 

(0.082) 

0.005 

(0.002) 

0.008 

(0.003) 

0.010 

(0.004) 

0.099 

(0.039) 

0.084 

(0.033) 

25 

TOL-7 

Initial 

Final 

0.086 

* 

(0.034) 

* 

0.071 

(0.028) 

0.081 

(0.032) 

— 

— 

— 

— 

— 

-- 

— 

— 

— 

— 


TOL-8 

Initial 

Final 

0.114 

0.117 

(0.045) 

(0.046) 

0.124 

0.137 

(0.049) 

(0.054) 

0.114 

0.137 

(0.045) 

(0.054) 

0.0025 

(0.001) 

0.013 

(0.005) 

0.023 

(0.009) 

0.056 

(0.022) 

0.033 

(0.013) 

30 

TOL-9 

Initial 

Final 

0.175 

0.180 

(0.069) 

(0.071) 

0.165 

0.168 

(0.065) 

(0.066) 

0.165 

0.175 

(0.065) 

(0.069) 

0.005 

(0.002) 

0.0025 

(0.001) 

0.010 

(0.004) 

0.076 

(0.030) 

0.041 

(0.016) 

30 


* Fractured in test 
t Air in transducer housing. 
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Steel Data 


Table XVI summarizes test results for steel calibration spe- 
cimens, which contained electromachined defects. A calibration 
curve of ultrasonic span width versus crack depth was prepared 
using these data points and those obtained from fatigue-sharpened 
defects after loading to 30 and 60% of yield strength (fig. 54). 
Crack-opening displacement compliance curves were prepared from 
data obtained by loading at 30 and 60% of the yield strength (fig 
55). 


Behavior similar to that of the other two alloys was exhibited. 
Subcritical growth occurred at plastic deformation levels exceeding 
0.025 mm (0.001 in.). Figures 56 through 58 present typical crack- 
opening displacement curves. Fracture-face examination confirmed 
the subcritical growth. Maximum depth of growth was 0.005 mm 
(0.002 in.). No tunneling was noted. Table XVII summarizes data 
for the nine specimens tested. 

A comparison of flaw size and growth data obtained using the 
ultrasonic and crack-opening displacement techniques showed that 
the two techniques provided fair measurements of defect size — but 
not as satisfactory as for aluminum or titanium. Table XVIII pre- 
sents comparison data 

Figure 59 is a graphic presentation of the threshold for sub- 
critical growth. 


TABLE XVI. - STEEL CALIBRATION DATA 


Specimen 

no. 

Flaw geometry 


Test 

condition 

Stress 

level, 

% 0 

ys 

Ultrasonic 
scan width, 

Depth, a. 

Width, 2C, 

a/2C 

a/t 

a/Q 

cm 

mn 

cm 

(in.) 

cm 

(in. ) 

SE-l 

0.048 

(0.019) 

0.330 

(0.130) 

eb 

0.16 

0.016 

Static 

0 

2.08 

(0.82) 

SE-2 

0.119 

(0.047) 

0.561 

(0.221) 

EEfl 

0.39 

0.035 

Static 

0 

3.28 

(1.29) 

SE-3 

0.132 

(0.052) 

0.820 

(0.323) 

ESI 

0.43 

0.042 

Static 

0 

3.61 

(1.42) 

SE-4 

0.064 

(0.025) 

0.211 

(0.083) 

0.30 

0.22 

0.015 

Static 

0 

1.70 

(0.67) 

SE-5 

0.091 

(0.036) 

0.312 

(0.123) 

0.29 


0.023 

Static 

0 

2.29 


SE-6 

0.150 

(0.059) 

0.452 

(0.178) 

0.33 

0.49 

0.034 

Static 

0 

3.86 

(1.52) 

SE-7 

0.064 

(0.025) 


(0.040) 

0.63 

0.21 

0.011 

Static 

0 

1.83 

(0.72) 

SE-8 

0.117 

(0.046) 

0.203 


0.58 


0.020 

Static 

0 

2.79 

(1.10) 

SE-9 

0.168 

(0.066) 

0.305 

(0.120) 

0.55 

0.57 

0.028 

Static 

0 

4.50 

(1.77) 


SE = electrodischarge machined defect 
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Figure 54 


Scan width, cm 


Ultrasonic calibration curve for steel 























TABLE XVII. - SUMMARIZED DATA FOR OVERLOADED STEEL SPECIMENS 


Flaw geometry 


Width, 2C, 


i (in.) 


a/2C a/t 



Test 

condition 

Stress 

level, 

Z a 

ys 

Static 

0 

Loading 

0-50 

Static 

50 

Unloading 

50-0 

Static 

0 

Loadihg 

0-60 

Static 

60 

Unloading 

60-0 

Static 

0 

Loading 

0-90 

Static 

90 

Unloading 

90-0 

Static 

0 

Loading 

0-99 

Static 

99 

Unloading 

99-0 

Static 

0 

Static 

0 

Loading 

0-50 

Static 

50 

Unloading 

50-0 

Static 

0 

Loading 

0-60 

Static 

60 

Unloading 

60-0 

Static 

0 

Loading 

0-90 

Static 

90 

Unloading 

90-0 

Static 

0 

Loading 

0-94 

Static 

94 

Unloading 

94-0 

Static 

0 

Static 

0 

Loading 

0-50 

Static 

50 

Unloading 

50-0 

Static 

0 

Loading 

0-60 

Static 

60 

Unloading 

60-0 

Static 

0 

Loading 

0-90 

Static 

90 

Unloading 

90-0 

Static 

0 

Loading 

0-95 

Static 

95 

Unloading 

95-0 

Static 

0 


Compliance, 


nm/N (yin. /lb) 
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TABLE XVII. - Continued. 


Specimen 

no. 

Flaw geometry 

Test 

condition 

Stress 
level , 

% a 

ys 

Ultrasonic 
scan width. 

Compliance , 

Depth, a. 

Width, 2C, 

a/2C 

a/t 

a/Q 

nm/N 

(uin. /lb) 

cm 

(in.) 

cm 

(in.) 

cm 

(in.) 

SOL-4 

0.081 

(0.032) 

0.224 

(0.088) 

0.36 

0.28 

0.017 

Static 

0 

1.80 

(0.71) 












0-50 



0.063 

(0.011) 









Static 

50 

2.77 

(1.09) 











Unloading 

50-0 



0.063 

(0.011) 









Static 

0 

1.80 

(0.71) 











Loading 

0-60 



0.063 

(0.011) 









Static 

60 

2.79 

(1.10) 











Unloading 

60-0 



0.063 

(0.011) 









Static 

0 

1.96 












Loading 

0-90 



0.074 

(0.013) 









Static 

90 

2.92 

(1.15) 











Unloading 

90-0 



0.074 

(0.013) 









Static 

0 

2.11 

(0.83) 











Loading 




0.074 

(0.013) 









Static 

100 

3.05 

(1.20) 











Unloading 

100-0 



0.074 

(0.013) 


0.081 


0.224 

(0.088) 

0.36 

0.28 

0.017 

Static 

0 

2.51 

(0.99) 



SOL-5 

0.127 

(0.050) 

0.356 

(0.140) 

0.36 

0.42 

0.027 

Static 

0 

2.72 

(1.07) 











Loading 




0.120 

(0.021) 









Static 

50 

3.40 

(1.34) 











Unloading 

50-0 



0.120 

(0.021) 









Static 

0 

2.54 

(1.00) 











Loading 




0.120 

(0.021) 









Static 

60 

3.30 

(1.30) 











Unloading 

60-0 



0.120 

(0.021) 









Static 

0 

2.36 

(0.93) 











Loading 

0-90 



0.114 

(0.020) 









Static 

90 

3.18 

(1.25) 











Unloading 

90-0 



0.114 

(0.020) 









Static 

0 

3.00 

(1.18) 











Loading 

0-98 



0.120 

(0.021) 









Static 

98 

3.02 

(1.19) 












98-0 



0.120 

(0.021) 


0.132 

(0.052) 

0.356 

(0.140) 


0.43 

0.028 

Static 

0 

2.82 

(1.11) 



SOL-6 

0.193 

(0.076) 



0.38 



Static 

0 

4.24 

(1.67) 











Loading 

0-50 



0.183 

(0.032) 









Static 

50 

4.85 

(1.91) 











Unloading 

50-0 



0.183 

(0.032) 









Static 

0 

4.29 

(1.69) 











Loading 

0-60 



0.183 

(0.032) 









Static 

60 

4.78 

(1.88) 











Unloading 

60-0 



0.183 

(0.032) 









Static 

0 

4.34 

(1.71) 











Loading 

0-90 



0.183 

(0.032) 









Static 

90 

4.80 

(1.89) 











Unloading 

90-0 



0.206 

(0.036) 









Static 

0 

4.75 

(1.87) 











Loading 

0-98 



0.206 

(0.036) 









Static 

98 

4.65 

(1.83) 











Unloading 

98-0 



0.228 

(0.040) 


0.198 

(0.078) 

0.508 


0.39 

0.64 


Static 

0 

■c- 

00 

OJ 

(1.90) 
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TABLE XVII. - Concluded 


Specimen 
no . 


SOL- 7 


SOL- 8 


SOL-9 



a/2C a/t 


I 

0.51 0.25 0.013 Static 

Loading 
Static 
Unloading 
Static 
Loading 
Static 
Unloading 
Static 
Loading 
Static 
Unloading 
Static 
Loading 
Static 
Unloading 

0.51 0.25 0.013 Static 


Test 

condition 



0 

0-50 

50 

50-0 

0 

0-60 

60 

60-0 

0 

0-90 

90 

90-0 

0 

0-100 

100 

100-0 

0 



Static 

Loading 

Static 

Unloading 

Static 

Loading 

Static 

Unloading 

Static 

Loading 

Static 

Unloading 

Static 

Loading 

Static 

Unloading 

Static 


0 

0-50 

50 

50-0 

0 

0-60 

60 

60-0 

0 

0-90 

90 

90-0 

0 

0-100 

100 

100-0 

0 
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TABLE XVIII. - COMPARISON OF MEASUREMENT TECHNIQUES FOR STEEL 





Flaw depth, 

a 



Crack growth, Aa 

Maximum 

Specimen 

no. 


Visual 

UT 

COD 

Visual 

UT 

COD 

growth , 

Condition 

cm 

(in.) 

cm 

(in.) 

cm 

(in.) 

cm 

(in.) 

cm 

(in.) 

cm 

(in.) 



SOL-1 

Initial 

Final 


(0.043) 

(0.043) 

0.124 

0.114 

(0.049) 

(0.045) 

0.107 

0.107 

(0.042) 

(0.042) 

0.000 

(0.000) 

-0.010 

(-0.004) 

0.000 

(0.000) 

Ar 

■ 4a 

SOL- 2 

Initial 

Final 


(0.0205) 

(0.0207) 

0.165 

0.165 

(0.065) 

(0.065) 

0.051 

0.030 

(0.020) 

(0.012) 

0.001 

(0.002) 

0.000 

(0.000) 

-0.021 

(-0.008) 



SOL-3 

Initial 

Final 

0.185 

0.188 

(0.073) 

(0.074) 

0.180 

0.168 

(0.071) 

(0.066) 

0.218 

0.198 

(0.086) 

(0.078) 

0.003 

(0.001) 

-0.012 

(-0.005) 

-0.020 

(-0.008) 



SOL-4 

Initial 

Final 

0.081 

0.081 

(0.032) 

(0.032) 

0.102 

0.112 

(0.040) 

(0.044) 

0.081 

0.091 

(0.032) 

(0.036) 

0.000 

(0.000) 

0.010 

(0.004) 

0.010 

(0.004) 



SOL- 5 

Initial 

Final 

0.127 

0.132 

(0.050) 

(0.052) 

0.124 

0.112 

(0.049) 

(0.044) 

0.127 

0.127 

(0.050) 

(0.050) 

0.005 

(0.002) 

-0.012 

(-0.005) 

0.000 

(0.000) 



SOL-6 

Initial 

Final 

0.193 

0.198 

(0.076) 

(0.078) 

0.175 

0.168 

(0.069) 

(0.066) 

0.193 

0.224 

(0.076) 

(0.088) 

0.005 

(0.002) 

-0.007 

(-0.003) 

0.031 

(0.012) 



SOL- 7 

Initial 

Final 

0.076 

0.076 

(0.030) 

(0.030) 

0.112 

0.076 

(0.044) 

(0.030) 

0.066 

0.071 

(0.026) 

(0.028) 

0.000 

(0.000) 

-0.036 

(-0.014) 

0.005 

(0.002) 



SOL- 8 

Initial 

Final 

0.124 

0.124 

(0.049) 

(0.049) 

0.127 

0.122 

(0.050) 

(0.048) 

0.122 

0.107 

(0.048) 

(0.042) 

0.000 

(0.000) 

-0.005 

(-0.002) 

-0.015 

(-0.006) 



SOL-9 

Initial 

Final 

0.175 

0.177 

(0.069) 

(0.0695) 

0.211 

0.226 

(0.083) 

(0.089) 

0.163 

0.168 

(0.064) 

(0.066) 

0.002 

(0.0005) 

0.015 

(0.006) 

-0.005 

(0.002) 




















































CRACK CLOSURE CHARACTERISTICS OF SURFACE-FLAWED 
SPECIMENS UNDER CYCLIC LOADING CONDITIONS 

The objective of this effort was to characterize the crack 
opening and closing behavior of surface-flawed defects using the 
ultrasonic collimated flaw measuring system for both constant- 
amplitude and periodic overload cycling conditions. 

Background 

Much conventional analysis of the growth of cracks subjected 
to variable loading has been characterized by the crack-growth 
equations of the form 


(3) 

If the dependence of AK on a is neglected, the equation can 
be written as 

n 

a n- a o + E f ( 4K i) < 4 > 

i=l 

where 

a^ = total crack length after n load applications. 


a = initial crack length, 
o 

AK^ = range of the stress intensity factor for loading cycle i. 


Wheeler (ref. 3) noted discrepancies between these crack 
growth laws and experimentally obtained data. He therefore pro- 
posed a crack retardation model that would empirically account 
for what happens at the tip of the crack when a high overload is 
applied to a constant-amplitude load spectrum. He believed that 
this overload would create a large plastic zone ahead of the 
crack tip, and this zone would retard growth while the crack was 
growing through it. He proposed an empirical relation that pro- 
vides a modified form of equation 4 as 

n 

a „ ■ a „ + £ c P i f K) < 5 > 

i=l 
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where C is the retardation parameter. This factor should have 

a magnitude that would delay crack growth after application of a 
high load. To do this, it should have a minimum value near zero 
immediately after a high-load application, and should later in- 
crease to a value of one. The retardation parameter could then 
be defined as 



where (fig. 60 ): 

R = size of current plastic zone, 

y 

a^ - a = distance from crack tip to elastic-plastic interface, 

m = shaping parameter, and provides the ability to shape the 
retardation parameter to the test data. 


Crack- tip yield zones 



Figure 60. - Basic principle of Wheeler crack-growth 
retardation model . 
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Willenborg, Engle, and Wood (ref. 4) suggested a retardation 
model based on an "effective stress." This concept retards crack 
growth by effectively reducing the level of applied loading after 
an overload, and may be shown as 


a 


eff 


a - a , 
a red 


(7) 


where : 

a ^ = applied stress, 

= reducing stress. 

The reducing stress is defined as 

cr , = a - a 
red a max 
P 

where : 


( 8 ) 


a = no-retardation stress, 
a 

P 

a = maximum applied cyclic stress, 
max 

The magnitude of no-retardation stress, a , is the stress re- 

SL 

p 

quired to make the current plastic zone coincident with the 

elastic-plastic interface. Equation 8 shows that steady-state 

crack growth prevails if a equals a 

y max 

Gallagher (ref. 5) generalized crack-growth retardation 
models of both Wheeler and Willenborg by reformulating them in 
a stress-intensity-factor format. He also presented the concept 
of a load interaction zone, z, that defines the zone of influence 
of any load on subsequent crack growth behavior. 

By assuming that the load interaction zone was a function of 
the crack-tip plastic-zone radius, the maximum stress intensity 

00 

factor, and the material yield strength, a , Gallagher 

developed the following relationship 


K* = K° L v/T - — 

max max V z (9) 

U Li 


where : 


K* = no-retardation stress intensity factor, 
max 


K = K for application of overload, 
max max 


A = crack movement following overload application, 

SL 


z QL = load interaction zone created by overload. 

Wheeler's retardation model of equation 5 was generalized by 
Gallagher is terms of the stress intensity factors as 


where : 


da 

dN 




( 10 ) 


00 

K = maximum remote stress intensity factor, 
max 


Gallagher generalized Willenborg's model and equations 7 and 8 
to yield 


and 


K 


eff 


K 


K 


red 


* 00 

K , = K - K 
red max max 


(ID 


( 12 ) 


From equation 12, it is obvious that if K* = K , steady- 

max max 

state crack growth will be present. 

Reformulation of Willenborg's model has eliminated the re- 
striction of the original model in which stresses applied after 
an overload were required to be more than one-half the magnitude 
of the overload stresses. 

The fundamental idea expressed by Elber (ref. 6 and 7) re- 
garding prediction of crack-growth retardation effects is that 
crack closure occurs because of the presence of the plastic zone 
at the crack tip. The plastic deformations render the crack 
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surfaces incompatible so they interfere on unloading and effec- 
tively hold the crack open. This means that, in cyclic loading 
situations, the A a used to calculate AK crack growth equations 
of the form 

i = f < AK) 

should not be 

Aa = a - a , 
max min 

but 


where a is the stress at which closure occurs, 
c 


This concept permits description of crack-growth retardation 
effects in the following way. When the crack propagates under 
constant-amplitude conditions, a certain level of is estab- 
lished. When an overload occurs, this value increases markedly 
because the plasticity effects are increased. This decreases 
A o and thus da/dN, causing the retardation effect. As cycling 
continues, the crack grows at the slower rate; but, as it grows, 
the overload plasticity effect becomes less important because 
the crack tip is deeper and eventually away from the overload 
plastic zone. 

If a reliable crack-growth equation like equation 13 is 
available, this concept can provide the ability to model the 
retardation behavior described. The information necessary to 
do so is some functional relationship describing the closure 
stress, o^, in terms of steady-state cyclic loading parameters, 

and the position of the crack tip relative to the overload- 
produced plastic zone. 

Approach 

The equipment and ultrasonic flow monitoring and crack-open- 
ing displacemnt techniques used for this study were identical to 
those previously described. The principal difference between 
the measurements taken in this work and those reported earlier 
was that, rather than map the entire flaw shape for each load 
increment, only the crack depth, a, was monitored. By plotting 
a single trace for each load increment, a pattern was obtained 
that readily illustrated the nature of the crack opening and 
closing. Figure 61 is a typical data record. 
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To demonstrate the effect of overloading, duplicate specimens 
of each defect configuration were prepared. One was evaluated by 
cycling without overloading. The second was periodically over- 
loaded. 

Results 


Using 2219-T87 aluminum alloy stock, 0.64-cm (0.25-in.) thick, 
a series of specimens with nominal flaw shapes (a/2c) of 0.2, 

0.35, and 0.5 were approximately 25 mm (0.10 in.) [a/t = 0.40], 
Specimens of each shape were constant-amplitude cyclically loaded 
to produce crack growth at 40, 45, 50, and 55% of yield strength. 
Cycling was periodically interrupted and the specimen incremen- 
tally loaded to produce both ultrasonic and crack-opening dis- 
placement measurements. To give maximum reading accuracy, the 
latter measurement was recorded from a digital voltmeter. . 

Data were plotted as stress versus crack depth, as shown in 
figure 62 (bottom plot). Note that crack size initially increased 
with increasing load, then became independent of load level. The 
unloading curve closely matched the loading curve. 


Using constant-amplitude data as a guide, the specimen contain- 
ing the matching-defect configuration was cycled to give a crack 
depth of approximately the same value as shown by the first load- 
unload curve in the constant-amplitude series. At this point, cy- 
cling was halted and an incremental load-unload curve was obtained. 
The specimen was then loaded to 70% of yield strength and another 
incremental load-unload series taken. The curve obtained after 
the overload did not show a change in defect size as a function 
of load. Cycling was resumed and periodic load-unload measurements 
taken. The data show that, as crack growth proceeds, the opening 
and closing behavior begins to reappear. Cycling was continued 
until the change in crack opening and closing at a particular crack 
size was approximately the same as that shown for the constant- 
amplitude-cycled data. At this point, the effects of overloading 


were deemed to be overcome. Figure 62 (upper plot) illustrates 
this behavior. The overload cycle |70% of was again applied 


and cycling reinstated. Cycling was continued until overload 


effects were overcome. Typically, three overloads were applied 


to each specimen. 


Tests performed on eleven other aluminum specimens showed 
similar behavior. Figures 63 through 73 show data from the ultra- 
sonic results. 


Crack-opening displacement plots made from the digital data 
showed the same type of behavior as found by ultrasonic measure- 
ments. Figures 74 through 85 present the displacement results. 
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Figure 62. - Ultrasonic data illustrating effect of overload on crack closure for 
specimens ACC-1 and ACCO-1. 















Figure 63. - Ultrasonic data illustrating effect of overload on crack closure for 
specimens ACC-2 and ACCO-2. 
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Figure 64. - Ultrasonic data illustrating effect of overload on crack closure for 
specimens ACC-3 and ACCO-3. 
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Ultrasonic data illustrating effect of overload on crack closure for 
specimens ACC-4 and ACCO-4. 
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Ultrasonic data illustrating effect of overload on crack closure for 
specimens ACC-6 and ACCO-6. 
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Ultrasonic data illustrating effect of overload on crack closure for 
specimens ACC-7 and ACCO-7. 


Figure 68 
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Figure 69. - Ultrasonic data illustrating effect of overload on crack closure for 
specimens ACC -8 and ACCO-8. 




Ultrasonic data illustrating effect of overload on crack closure for 
specimens ACC-9 and ACCO-9. 
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Figure 72. - Ultrasonic data illustrating effect of overload on crack closure for 
specimens ACC-11 and ACC0-11. 
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Ultrasonic data illustrating effect of overload on crack closure for 
specimens ACC-12 and ACCO-12. 
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Figure 74. - COD data illustrating effect of overload on crack closure for 
specimens ACC-1 and ACCO-1. 
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COD data illustrating effect of overload on crack closure for 
specimens ACC-2 and ACCO-2. 
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Figure 76. - COD data illustrating effect of overload on crack closure tor 
specimens ACC-3 and ACCO-3 
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COD data illustrating effect of overload on crack closure for 
specimens ACC-4 and ACCO-4. 










Figure 78. - COD data illustrating effect of overload on crack closure for 
specimens ACC-5 and ACCO-5. 
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Figure 79. - COD data illustrating effect of overload on crack closure for 
specimens ACC-6 and ACCO-6 



> XYIIOI 


0. 2. £’Q/9*x//h/ams/*\ 



of OyzxcoAo o/s O 



iBHfflBHSBBfflBjaSBBHKgg HHHHMISli 

mmwmm^mwMm mffl wmwswmw 





■ft&iKiriiitrj 





COD — ► / of CMAJtr X . 000/ f* coo 


Figure 80. - 


COD data illustrating effect of overload on crack closure for 
specimens ACC-7 and ACC0-7. 
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Figure 81. - COD data illustrating effect of overload on crack closure for 
specimens ACC-8 and ACCO-8. 




Figure 82. - COD data illustrating effect of overload on crack closure for 
specimens ACC-9 and ACCO-9. 
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Figure 83. - COD data illustrating effect of overload on crack closure for 
specimens ACC-10 and ACC0-10. 






Figure 84. - COD data illustrating effect of overload on crack closure for 
specimens ACC-11 and ACCO-11. 
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Figure 85. - COD data illustrating effect of overload on crack closure for 
specimens ACC-12 and ACCO-12. 
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Crack-opening stress can be readily selected from the plot. Note 
that after the overload, crack-opening stress is quite low. 


Figures 86 through 97 are plots of flaw depth versus number 
of cycles (a vs N) for the three flaw shapes and four cyclic 
stress levels. Comparison of the 12 plots shows that the over- 
load effect decreases with increasing cyclic stress. At 40% of 
yield strength, the effect is quite pronounced for all three 
shapes. Increasing the cyclic stress to 45% of a , produces 

slightly less retardation. At 50 and 55% of °y S > the retarda- 
tion, although still apparent, is significantly reduced. 


Plots for the overloaded specimens appear to exhibit a change 
in crack depth after the overload. Although this might suggest 
subcritical growth during the overload, the fracture faces fail 
to show evidence of subcritical growth. Based on previous work on 
the effects of overload, the level of 70% of a is not high 

enough to cause subcritical growth. This apparent increase in 
depth after the overload is not real and is probably attributable 
to a sensitivity of the ultrasonic process to a change in crack 
geometry such as crack sharpness or distance between faying sur- 
faces . 


The stress at which crack opening and closing occurred, as 
determined by the ultrasonic technique, generally varied from 
5 to 15% of yield strength. Analysis of the data as a function 
of crack depth and crack shape revealed no clear trends of the 
parametric variables affecting the closure or opening stress. 

The change in crack size (ultrasonically determined) was typi- 
cally 0.25 to 0.75 mm (0.010 to 0.030 in.). The change in 
crack size associated with the load-unload cycle appeared to 
increase as a function of crack depth, then decreased as the 
flaw approached the back surface. 

| 

Crack-opening displacement data showed the typical crack open- 
ing stress to be 5 to 10% of yield strength. Traces after over- 
load generally showed linear behavior with no evidence of opening 
or closing. 

Two series of titanium and two of steel were evaluated using 
the same techniques. Duplicate specimens (one overloaded, one 
constant-amplitude cycled) were evaluated to determine whether 
observations for aluminum applied to other materials. The be- 
havior was very similar to that noted for aluminum. Figures 98 
and 99 show the titanium ultrasonic data. Figures 100 and 101 
give the crack opening displacement results. Figures 102 through 
105 show the corresponding data for steel specimens. 
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Cyclic flaw growth curves for specimens ACC-1 and ACCO-1. 
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Figure 87. - Cyclic flaw growth curves for specimens ACC-9 and ACCO-9. 







Figure 89. - Cyclic flaw growth curves for specimens ACC-2 and ACCO-2. 
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Figure 91. - Cyclic flaw growth curves for specimens ACC-6 and ACCO-6. 
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Figure 92. - Cyclic flaw growth curves for specimens ACC-3 and ACCO-3. 



Figure 93. - Cyclic flaw growth curves for specimens ACC-11 and ACCO-11 . 
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Figure 94. - Cyclic flaw growth curves for specimens ACC-7 and ACC0-7. 
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Figure 95. - Cyclic flaw growth curves for specimens ACC-4 and ACCO-4 
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Figure 96. - Cyclic flaw growth curves for specimens ACC-12 and ACCO-12. 



Figure 97. - Cyclic flaw growth curves for specimens ACC-8 and ACCO-8. 
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Figure 98. - Ultrasonic data illustrating effect of overload on crack closure for 
specimens TCC-1 and TCCO-1. 




















Figure 100 


COD data illustrating effect of overload on crack closure for 
specimens TCC-1 and TCC0-1. 
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Figure 101 


COD data illustrating effect of overload on crack closure for 
specimens TCC-2 and TCC0-2. 





Ultrasonic data illustrating effect of overload on crack closure for 
specimens SCC-1 and SCCO-1. 


Figure 102 








S’/?# 

IOU AX on 



Figure 103. - Ultrasonic data illustrating effect of overload on crack closure for 
specimens SCC-2 and SCC0-2. 
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Figure 104. - COD data illustrating effect of overload on crack closure for 
specimens SCC-1 and SCC0-1. 





Figure 105. - COD data illustrating effect of overload on crack closure for 
specimens SCC-2 and SCCO-2. 



Discussion 


Data obtained in this study clearly illustrate an opening and 
closing behavior associated with load-unload curves. Both meas- 
urement techniques show an initial deviation from linearity at 
low load levels . Whereas crack-opening displacement measurements 
show the behavior as a surface compliance, the ultrasonic method 
clearly shows a reversible change in flaw depth. 

Introduction of an overload sequence in the constant-amplitude 
load cycling caused the opening and closing behavior to disappear. 
Continued cyclic loading caused the opening-closing phenomena to 
recur. 


Evaluation of the data shows that loading and unloading cur- 
ves were nearly identical. The stresses at which opening and 
closing occurred were almost identical; similarly, the changes 
in crack depth associated with opening and closing were almost 
the same . 


The results of this task are in general agreement with the 
crack closure concepts of Elber (ref. 5 and 6). Based on the 
data obtained, the concept of an effective stress range for es- 
tablishing an effective stress intensity range appears 

valid. Ultrasonic data show a change in crack depth associated 
with opening and closing. It appears that this change occurs at 
the crack tip. Therefore, until the tip is open, there is no 
stress intensity. 


Evaluation of crack growth based on the Elber model cannot 
be performed with our data because only depth measurements were 
taken; no crack width data were obtained. However, based on the 
magnitude of the crack opening stress |5 to 15% of a j, it i- s °b - 

vious that the effect on crack growth rate could be significant. 
Depending on the value of the exponent (n) in the crack-growth 
relationship, the error in rate calculation could be as great as 
50%. 


In his first paper, Elber (ref. 5) pointed out the need to 
determine crack-opening and -closing stress values and speculated 
that closing stress values would exceed opening stress values. 

The data reported here indicate no difference between the two 
values . 

Elber' s paper (ref. 6) that includes data on 2024-T3 shows a 
decrease in crack-opening stress immediately after the overload 
cycle and an increase in opening stress after postoverload cycling 
to more than that immediately preceding overload. These data 
are somewhat similar to our results, but the discrepancies should 
be noted. Whereas Elber showed a decrease in opening stress after 


the overload, the data presented in this report show the crack 
to be fully open after the overload. After cycling, Elber shows 
the opening stress to rise to a higher level than that immediately 
before the overload. The results presented here show that the 
opening stress was gradually restored with cycling, but did not 
appear to be greater than the preoverload value. 

Differences between these results and those of Elber could 
be attributed to differing behavior of surface-flawed specimens 
compared to through-cracked specimens . 

Metallographic studies of crack closure behavior performed in 
independent research provide interesting physical evidence to sup- 
plement the findings of this research. Selected information from 
this study is presented in the following paragraphs. 

Eleven specimens, 9.9 cm (3.90 in.) wide, 0.95 cm (0.375 in.) 
thick, and of varying lengths, were tested. The first seven spec- 
imens contained transverse repair welds approximately 1 cm (0.5 
in.) wide. In each specimen, a surface flaw was machined in the 
weld, as shown in Figure 106. Table XIX summarizes test data for 
these specimens. 

Surface-flawed base-metal and weldment specimens were subjec- 
ted to cyclic fatigue overloads to progressively higher stress 
levels and, in selected cases, to postoverload cyclic fatigue. 

After testing, specimens were sectioned as shown in figure 
107. Each section thus obtained was mounted, polished, etched, 
and photographed at 50X, 100X, 200X, and 400X. 



Figure 106. - Location of flaw iri welded specimen. 
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TABLE XIX. - SUMMARY OF TEST DATA 


Specimen 

no.* 

Depth of 
saw cut. 

Initial fatigue 

Overload 

stress, 

Postoverload fatigue 

Stress, 

Cycles 

Crack 

length. 

Average crack 
growth rate. 

Stress , 

Cycles 

Crack 

length, 

Average crack 
growth rate. 

nm 

(in.) 

MN/m 2 

(ksi) 

MH/m 2 

(ksi) 

MN/m 2 

(ksi) 

nm 

(in.) 

nm 

(in. ) 

nm/ 

cycle 

(pin. / 
cycle) 

nm/ 

cycle 

(pin./ 

cycle) 

W-l 

4.27 

(0.168) 

76 

(11) 

12 190 

iti 

(0.074) 

154 

(6.07) 










W-2 

4.24 

(0.167) 

76 

(11) 

8 060 


(0.066) 

208 

(8.19) 










W-3 

4.32 

(0.170) 

76 

(11) 

12 250 

0.99 

(0.039) 

80.8 

(3.18) 










W-4 

4.29 

(0.169) 

76 

(11) 

9 310 

1.27 

(0.050) 

140 

(5.51) 

K9 









W-3 

4.22 

(0.166) 

76 

(11) 

12 380 

1.63 

(0.064) 

131 

(5.17) 


■rTlfl 








W-6 

4.09 

(0.161) 

76 

(11) 

19 430 

1.12 

(0.044) 

57.4 

(2.26) 

Km 









W-7 

4.22 

(0.166) 

76 

(11) 

20 360 

1.27 

(0.064) 

79.8 

(3.14) 

117 

(17) 

76 


16 290 

0.43 

(0.017) 

26.4 

(1.04) 

BM-1 



110 

(16) 

8 390 







110 







BM-2 

4.60 

(0.181) 

110 

(16) 

8 710 

2.16 

(0.085) 

248 

(9.76) 

206 

(30) 

110 

(16) 

10 060 

0.71 

(0.028) 

70.6 

(2 • 78) 

BM-3 

4.62 

(0.182) 

110 

(16) 

6 300 

1.60 

(0.063) 

254 

(10.00) 

241 

(35) 

110 

(16) 

9 240 

0.51 

(0.020) 

54.9 

(2.16) 

BM-4 

4.52 

(0.178) 

110 

(16) 

10 300 

2.03 

(0.080) 

197 

(7.77) 

276 

(40) 

no 

(16) 

15 220 

0.30 

(0.012) 

20.1 

(0. 79) § 


* BM - base metal, W - welded. 

t After overload, this specimen was subjected to a compressive stress of 62 MN/m 2 (9 ksi). 

§ Under this high overload stress, severe delamination resulted in a very low apparent average crack growth rate. 



Figure 107. - Sectioning of specimens 


































Photomicrographs of specimen W-2 show a fatigue crack in 
welded material not subjected to an overload (fig. 108). Although 
the crack front was extremely tight, examination at a higher mag- 
nification revealed that the crack appeared open along its entire 
length. The effect of increasing overloads can be seen in the 
photomicrographs of specimens W-3, W-4, and W-5 (fig. 109 through 
111). As the overload stress was increased, plastic deformation 
and tearing were evident at the crack front in specimen W-5, which 
was subjected to a 145-MN/m 2 (21-ksi) overload. Even at the low- 
est overload stress of 90 MN/m 2 (13 ksi) (specimen W-3), the crack 
showed evidence of blunting, and its width became much more uni- 
form along its length. 

Note that, after the application of an overload, average crack 
growth rate was reduced by a factor of three to four. Compression 
of a fatigue crack at just over half its overload stress (specimen 
W-6) caused no appreciable closing of the crack front (fig. 112). 

The four parent specimens were similarly tested. Photomicro- 
graphs of specimen BM-1 (fig 113) show a fatigue crack that was 
not subjected to an overload. Comparing this fatigue crack with 
the original fatigue crack in specimen W-2 revealed that the fat- 
igue crack in the welded material was three to four times tighter 
than the comparable fatigue crack in the parent material. As in 
the case of the welded material, increasing levels of overload 
caused widening of the fatigue cracks and blunting of the crack 
fronts (fig. 114, 115, and 116). In addition, the parent mate- 
rial suffered varying degrees of delimination — in one case quite 
severe (specimen BM-4) , fig. 116. Fatigue cracks that grew into 
the previous overload yield zone remained open along their entire 
lengths, and compared quite closely with the original fatigue 
crack (specimen BM-1) in terms of width for all levels of over- 
load stress used. 

Based on the results of Elber's papers (ref. 6 and 7), the 
ultrasonic information reported here, and the metallographic in- 
formation, a picture of the crack closure phenomenon can be cre- 
ated. 

The initial fatigue crack is relatively tight. A monotonic 
loading cycle causes the tip to open and close. No growth can 
occur unless the applied stress exceeds the opening stress level. 
An overload results in extensive plastic deformation ahead of the 
crack, significant blunting of the tip, and permanent separation 
of the faying surfaces. Cycling eventually causes growth to oc- 
cur. The newly formed crack segment is tight and similar in ap- 
pearance to the preoverload condition. As the crack grows through 
the plastic zone, the opening behavior (as measured by opening 
stress and amount of change in crack length) increases until it is 
similar to that before the overload. 





Figure 103. - Welded 2219-T87 after original fatigue 
extension (W-2). 
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Figure 111. - Welded 2210-T87 after 145-MN/m 2 (21-ksi) 
overload (W-5). 
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Figure 113. - Base-metal 2219-T87 after original fatigue 
extension (BM-1). 
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Figure 114. - Base-metal 2219-T87 after 206-MN/m 2 (30-ksi) overload 
and postoverload fatigue extension (BM-2). 
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Figure lib. - Base-metal 2219-T87 after 241-MN/m 2 (35-ksi) 
overload and postoverload fatigue 
extension (BM-3). 
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Figure 116. - Base-metal 2219-T87 after 276-MN/m 2 (40-ksi) 
overload and postoverload fatigue 
extension (BM-4). 
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DEEP- SURFACE-FLAW EXTENSION CHARACTERISTICS 


This effort was devoted to establishing flaw extension charac- 
teristics immediately before failure of the ligament between the 
flaw front and the back surface of the specimen. The actual 
nature of the flaw penetration process, i.e., abrupt ligament 
fracture from a stable ligament condition or a slow steady pene- 
tration during monotonic loading, was determined. 

Aluminum, titanium, steel (previously described) , and welded 
2219 aluminum were evaluated. 

The approach used was quite similar to that previously de- 
scribed. Both the crack-opening displacement gage and the ultra- 
sonic pitch-catch system were used. The ultrasonic beam was 
centered on the tip of the defect at the end of the semiminor 
axis (a depth). To ensure accurate location of the flaw tip, the 
ultrasonic equipment for centering was adjusted under load. The 
load used was enough to open the defect but below the load that 
would permit subcritical growth to occur. Ligament penetration 
measurements were made with the ultrasonic apparatus fixed in the 
location previously described. 

By fixing the ultrasonic location, crack growth could be mea- 
sured as a decrease in signal amplitude. Testing was performed 
using strain rate control and the crack opening displacement gage 
as the strain sensing transducer. By plotting ultrasonic signal 
amplitude versus crack-opening displacement, the nature of the 
crack process was readily apparent. Slow growth during the test 
was shown by a gradual decrease in the ultrasonic signal amplitude 
with increasing displacement. Abrupt growth was shown by a sudden 
decrease in ultrasonic amplitude with little change in displacement 

To study the effects of flaw depth, flaw shape, and crack open- 
ing rate, parent-metal aluminum specimens were evaluated. In ad- 
dition, four specimens each of welded aluminum, parent-metal ti- 
tanium, and parent-metal steel were evaluated. The results of 
this study are summarized in the following paragraphs. 

Ultrasonic test records showed three types of behavior assoc- 
iated with the ligament penetration process. In five of the parent 
metal aluminum specimens, penetration was shown to be stable sub- 
critical growth followed by abrupt growth — usually accompanied by 
an audible indication of fracture. The through-crack that formed 
did not propagate catastrophically. One specimen fractured during 
loading. The remaining specimens (15) exhibited slow growth, then 
either a rapid, but not abrupt, growth — or a gradual growth to a 
stable through-crack. Nine of the 15 specimens showed rapid 
growth, and six showed gradual growth. 


Figure 117 is a typical record of ultrasonic signal ampli- 
tude versus crack-opening displacement. This specimen (ACC-12) 
showed rapid penetration. Figure 118 is a companion crack-opening 
displacement curve. 

Table XX summarizes data for parent-metal aluminum specimens. 

The table gives initial flaw geometry, crack-opening displacement 
rate, and a description of the type of ligament penetration be- 
havior observed. 

Figures 119, 120 and 121 show the penetration portion of the 
load cycle for the abrupt, rapid, and gradual failures. Cate- 
gorization into these three groups is somewhat subjective; there- 
fore, the plots are presented for the reader’s examination and in- 
terpretation. 

Crack-opening displacement curves for the rapid and gradual 
penetration curves showed the characteristic smooth curve of in- 
creasing displacement with increasing load. For specimens cate- 
gorized as abrupt penetrations, three of the five (ALP-1, ACC-5 
and ACCO-12) showed discontinuities at the time of ligament fail- 
ure. The remaining two showed smooth curves. Figures 122, 123 
and 124 are curves that show discontinuities. 

Parent-metal aluminum tests were prepared and conducted in a 
manner that attempted to reveal the effects of the following 
variables: 

1) effect of flaw depth; 

2) effect of flaw shape; 

3) effect of rate. 

The effects of the variables were studied by determining the 
rate of penetration immediately before ligament failure. This 
was determined from the ultrasonic data plot as the slope of the 
line (A ultrasonic amplitude, measured in volts/A crack-opening dis- 
placement) . Evaluation of the variables showed that ligament 
penetration behavior appeared to be related only to flaw depth. 

No relationship between behavior and flaw shape or testing rate 
was found. Figure 125 gives the data for the depth effect. Note 
the rapidly increasing rate of penetration for depths of more 
than 92% of specimen thickness. Specimens that exhibited abrupt 
penetration were not necessarily the deepest flaws and were of 
similar depth (^88% a/t). Whether this is a significant observa- 
tion cannot be established on the basis of the limited data avail- 
able. 

Specimens of welded 2219 showed only gradual growth to the 
penetrated condition. Table XXI summarizes the welded data. 
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Figure 117. - Ultrasonic data record for ligament penetration of specimen ACC-12. 






Figure 126 summarizes data plots for the four tests. The crack- 
opening displacement records did not indicate any discontinuities 
and are therefore not presented. 


TABLE XX. ~ SUMMARY OF PARENT-METAL ALUMINUM PENETRATION DATA 


Specimen 

no. 

Flaw geometry 

Testing rate 

Penetration 

description 

Depth, a 

Width, 2C 

a/2C 

a/t 

cm 

(in.) 

cm 

(in.) 

nm/min 

(in. /min) 

ACC-1LP 

0.605 

(0.238) 

1.83 


m 

B3 

0.0019 

(0.00033) 

Rapid 

ACC-4LP 

0.531 

(0.209) 

1.68 

KlSisfl 

HU 

Hi! 

0.0019 

(0.00033) 

Specimen fractured 

ACC-5LP 

0.508 

(0.200) 

1.14 

KXil 

0.44 

0.81 

0.038 

(0.0066) 

Abrupt 

ACC-8LP 

0.546 

(0.215) 

1.30 

(0.51) 

0.42 

0.87 

0.0019 

(0.00033) 

Rapid 

ACC-10LP 

0.574 

(0.226) 

1.50 

(0.59) 

0.38 

0.92 

0.075 

(0.013) 

Rapid 

ACC-11LP 

0.579 

(0.228) 

1.50 

(0.59) 

0.39 

0.93 

0.038 

(0.0066) 

Rapid 

ACC-12LP 

0.564 

(0.222) 

1.50 

(0.59) 

0.38 

0.91 

0.0038 

(0.00066) 

Rapid 

ACC0-1LP 

0.579 

(0.228) 

1.78 

(0.70) 

0.33 

0.93 

0.0019 

(0.00033) 

Rapid 

ACC0-6LP 

0.531 

(0.209) 

1.27 

(0.5 0") . 

0.42 

0.85 

0.0038 

(0.00066) 

Gradual 

ACC0-8LP 

0.561 

(0.221) 

1.37 

(0.54) 

0.41 

0.89 

0.038 

(0.0066) 

Abrupt 

ACC0-9LP 

0.584 

(0.230) 

1.45 

(0.57) 

0.40 

0.95, 

0.0038 

(0*00066) 

Rapid 

ACCO-IOLP 

0.572 

(0.225) 

1.52 

(0.60) 

-0.38 

0.92 

0.151 

(0.026) 

Gradual 

ACC0-11LP 

0.531 

(0.209) 

1.35 

(0.53) 

0.39 

0.85 

0.038 

(0.0066) 

Rapid 

ACCO-12LP 

0.541 

(0.213) 

1.37 

(0.54) 

0.39 

0.87 

0.038 

(0.0066) 

Abrupt & audible 

ALP-1 

0.541 

(0.213) 

2.57 

(1.01) 

0.21 

0.87 

0.038 

(0.0066) 

Abrupt & audible 

ALP- 3 

0.536 

(0.211) 

1.09 

(0.43) 

0.49 

0.86 

0.038 

(0.0066) 

Rapid 

ALP-4 

0.554 

(0.218) 

1.12 

(0.44) 

0.50 

0.89 

0.038 

(0.0066) 

Abrupt 

ALP-5 

0.574 

(0.226) 

1.42 

(0.56) 

0.40 

0.92 

0.038 

(0.0066) 

Gradual 

ALP- 6 

0.589 

(0.232) 

1.52 

(0.60) 

0.39 

0.94 

0.038 

(0.0066) 

Gradual 

ALP- 7 

0.513 

(0.202) 

1.17 

(0.46) 

0.44 

0.83 

0.038 

(0.0066) 

Gradual 

ALP-8 

0.572 

(0.225) 

1.47 

(0.58) 

0.39 

0.93 

0.011 

(0.0020) 

Rapid 
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Figure 119. - Ultrasonic records for aluminum specimens exhibiting 
abrupt penetration 
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ALP-5 ALP-6 ALP-7 

Figure 121. - Ultrasonic records for aluminum specimens exhibiting gradual penetration. 





Figure 122. - Crack-opening displacement curve for specimen ACC-5. 
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Figure 123. - Crack-opening displacement curve for specimen ACCO-12. 
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TABLE XXI. - SUMMARY OF WELDED ALUMINUM-LIGAMENT PENETRATION DATA 


Specimen 

Flaw geometry 

Penetration 

no . 

Depth, a, 

Width, 2C, 

a/2C 

a/t 

a/Q 

Description 


cm 

(in.) 

cm 

(in. ) 





WALP-2 

0.513 

(0.202) 

1.32 

(0.52) 

0.39 

0.85 


Gradual 

WALP-3 

0.485 

(0.191) 

1.37 

(0.54) 

0.35 

0.79 


Gradual 

WALP-4 

0.467 

(0.184) 

1.21 

(0.48) 

0.39 

0.77 


Gradual 

WALP-5 

0.427 

(0.168) 

0.98 

(0.39) 

0.44 

0.67 


Gradual 

* Testing rate 

- 0.038 nm/min 

(0.0066 in. /min) 

. 




Tests of four titanium parent-metal specimens showed abrupt 
penetrations in all cases; two of the penetrations were accompanied 
by an audible signal. Table XXII summarizes specimen geometry and 
rate data. Figure 127 is a composite presentation of data plots 
for the four specimens. Crack opening displacement curves showed 
an abrupt decrease in load associated with the penetration process. 
Figures 128 and 129 present two of the curves. 


TABLE XXII. - SUMMARY OF PARENT-METAL TITANIUM-LIGAMENT PENETRATION DATA 


Specimen 

Flaw geometry 

Penetration 

no . 

Dep th , a , 

Width, 2C, 


a/2C 

a/ 1 

a/Q 

Description 


cm 

(in.) 

cm 

(in.) 






TCC-1LP 

0.251 

(0.099) 

0.75 

(0.30) 


0.33 

0.79 


Abrupt 

TCC-2LP 

0.241 

(0.095) 

0.68 

(0.27) 


0.36 

0.75 


Abrupt & 
audible 

TCC0-1LP 

0.246 

(0.097) 

0.74 

(0.29) 


0.33 

0.77 


Abrupt & 
audible 

TCC0-2LP 

0.254 

(0.100) 

0.74 

(0.29) 


0.34 

0.79 


Abrupt 


* Testing rate - 0.038 nm/min (0.0066 in. /min). 


Tests of steel specimens showed very gradual penetration. 
Figure 130 and Table XXIII summarize the data. 
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Figure 128. - Crack-opening displacement curve for titanium specimen TCCO-1 
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Figure 129. - Crack-opening displacement curve for titanium specimen TCC-1 
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Figure 130. - Ultrasonic penetration records for steel specimens. 
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TABLE XXIII. - SUMMARY OF PARENT-METAL STEEL-LIGAMENT PENETRATION DATA 


Specimen 
no . 

Flaw geometry 

Penetration 

Description 

Dep th , a , 

Width, 2C, 

a/2C 

a/t 

a/Q 

cm 

(in.) 

cm 

(in.) 

SCC-1LP 

0.257 

(0.101) 

0.72 

(0.28) 

0.36 

0.83 


Gradual 

SCC-2LP 

0.279 

(0.110) 

0.79 

(0.31) 

0.35 

0.92 


Gradual 

SCC0-1LP 

0.257 

(0.101) 

0.71 

(0.28) 

0.36 

0.83 


Gradual 

SCC0-2LP 

0.203 

(0.080) 

0.60 

(0.24) 

0.34 

0.66 


Specimen 









failed 









in grip 


* Testing rate - 0.038 nm/min (0.0066 in. /min). 


Results of ligament tests clearly illustrate that the nature 
of the penetration process varies. Penetration can occur by an 
abrupt fracturing after subcritical growth or by continuous growth. 
Continuous growth can be at a rather steady rate until penetration 
occurs, or by an increasing rate at the critical flaw depth. 


Differences in the nature of the penetration process appeared 
to be closely tied to the properties of the various materials. 

The titanium alloy, which showed the lowest toughness-to-strength 
ratio, penetrated the ligament abruptly. The parent-metal alumi- 
num alloy, somewhat tougher, showed a transitional behavior that 
included the extremes of abrupt penetration and relatively slow 
growth. Welded aluminum, significantly tougher than the parent 
metal, showed only gradual penetration. The steel, also very 
tough, showed behavior comparable to that Of the welded aluminum. 
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CONCLUSIONS 


The results of this phase of the experimental program clearly 
demonstrated that the collimated ultrasonic pitch-catch inspec- 
tion technique is a powerful tool that can be used in fracture- 
related studies. Certain behavioral aspects associated with 
fracture and crack extension that cannot be studied using other 
techniques have been evaluated with the ultrasonic method. 

The first part of the effort pertaining to performance charac- 
teristics and optimization of the collimated beam demonstrated 
that beam width could be reduced by at least 50%. Evaluation of 
various collimator designs, combinations, and frequencies showed 
that the combination of a cone collimator and cone receiver was 
the most effective in terms of maximizing signal strength. A 
study of the effect of surface roughness showed that the ampli- 
tude of a reflected signal was sensitive to the degree of rough- 
ness; however, even for the highest roughness levels (300 pin.), 
the effect on the amplitude was minor compared to that produced 
by the presence of a defect. The final part of the effort associ- 
ated with performance characteristics was to determine the effec- 
tiveness of the technique to sense the shape and location of small 
defects in thin materials. It was found that defects as small as 
0.25-mm (0.01- in.) deep could be readily detected, but not mapped. 

After the characterization effort, three studies were performed 
to determine; 

1) crack-opening displacement-gage correction factors; 

2) crack-closure characteristics of surface flaws under cyclic 

loading; 

3) flaw extension characteristics of deep surface flaws. 

The following paragraphs discuss the conclusions drawn from each 
study. 

The crack-opening displacement gage correction-factor study 
showed that displacement resulting from crack opening and that 
from plasticity could be readily differentiated. To achieve this, 
it was necessary to obtain the displacement unload curve. Com- 
parison of the slopes of the linear segment of the loading curve 
and initial segment of the unloading curve can be used to deter- 
mine the magnitude of subcritical growth. It was shown that 
there appeared to be a threshold level for the initiation of sub- 
critical growth in the three materials evaluated (aluminum, ti- 
tanium, and steel). Plastic displacement of approximately 0.025 
mm (0.001 in.) appeared to be required before subcritical growth 
was found. 
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The agreement between data obtained using the ultrasonic tech- 
nique and a unique high-sensitivity crack-opening displacement gage 
was quite satisfactory and agreed well with visual observations by 
fractographic techniques. 

Threshold data for the three materials was obtained and is 
presented. 

A preliminary analysis of data obtained by Boeing (NAS3-19697) 
indicated that the sensitivity of crack-opening displacement curves 
was high enough to permit load-unload analysis to determine the 
degree of subcritical growth. 

Crack closure studies using both ultrasonic and crack-opening 
displacement measurements showed an opening and closing behavior 
associated with load-unload curves. The results of this work were 
in general agreement with the closure concepts of Elber (ref. 6 
and 7) . Ultrasonic measurements showed that changes in crack 
depth associated with loading and unloading occurred at the crack 
tip and would confirm the validity of Elber's contention of an 
effective stress intensity range. Elber's speculation that crack 
closing stresses would exceed opening stresses was not borne out 
by our measurements. 

Ultrasonic measurements used to study the nature of flaw ex- 
tension characteristics associated with failure of the ligament 
between the flaw front and back surface showed that penetration 
could occur by an abrupt fracturing after subcritical growth or 
by continuous growth. Differences in the nature of the process 
appear to be related to the toughness of the materials. 

This program showed that the ultrasonic technique can readily 
be used to study crack growth and fracture-related phenomena in 
surface-flawed specimens with improved accuracy. Some of these 
measurements could not be made in any other way. The technique 
is particularly valuable in studies of flaw-front phenomena. 
Although the value of the crack-opening displacement gage has 
been criticized because it only measures surface compliance, the 
results of our studies show that a high-sensitivity gage can pro- 
vide reliable information in many types of studies. 

The information regarding fracturing behavior should be of 
general interest to those concerned with surface flaw behavior 
and serve as the base for more detailed studies. 
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